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PREFACE

This text provides an introductiontothe theoryand design of engineer-
ing machinery and equipment aboard ship. Primary emphasis is placed
on helping the student acquire an overall view of shipboard engineering
plants and an understanding of basic theoretical considerations that

- underlie the design of machinery and equipment. Details of operation,

maintenance, and repair are not included in this text. .
The text is divided into five major parts, Part I deals with the devel-
opment of naval ships, ship design and construction, stability and buoyancy

- of ships, and preventive and corrective damage control. Certain theoreti-

cal considerations that apply to virtually all engineering equipment are
discussed in part II, Part III takes up the major units of machinery in the
main propulsion cycle of the widely used steam turbine propulsion plant,
Auxiliary machinery and equipment are discussed in part IV, Other types
of propulsion machinery, together with a brief survey of new developments
in naval engineering, are considered in part V, In addition to these five
major parts, the text includes an appendix which surveys and briefly
describes a number of references that should be of value to engineering
officers.

This text was prepared by the Training Publications Division, Naval

_Personnel Program Support Activity, Washington, D, C,, for the Bureau

of Naval Personnel. Review of the manuscript and fechnical assistance
were provided by Officer Candidate School at Newport, Rhode Island;
Naval Development and Training Center, San Diego, California; Service
School Command, Great Lakes, Ilinois; and Naval Ship Systems Command,
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PART |—THE NAVAL SHIP

Chapter 1  The Development of Naval Ships

Chapter 2  Ship Design and Construction

Chapter 3  Stability and Buoyancy

Chapter 4 Preventive and Corrective Damage Control

The four chapters included in this part of the text ceil primarily with
the ship'as a whole, rather than withspecific items of engireering equip-
ment. Most of the information given in this part applies to naval ships in
general, without regard to the type of ship or the type of propulsion plant
employed.

Chapter 1 provides a brief historical survey of the development of
naval ships. Chapter 2 takes up basic design considerations, ship flota-
tion, ship structure, compartmentation, and the geometry of the ship.
Chapter 8 deals with the basic principles of stability and buoyancy; al-
though this information is largely theoretical, it is essential for a true
understanding of the naval ship and for an understanding of many aspects
of damage control. Chapter 4 is concerned with preparations to resist
damage, tiiz damage control organization, material conditions of readi-

‘ness, the iavestigation of damage, the control of damage, and certain
aspects of nuclear, biological, and chemical defense.
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CHAPTER 1

THE DEVELOPMENT OF NAVAL SHIPS

The story of the development of naval ships
is the story of prime movers: oars, wind-filled
sails, reciprocating steam engines, steam tur-
bines, internal combustion engines, gas turbine
engines, - It is also the story of the conversion
and utilization of energy: mechanical energy,
thermal energy, chemical energy, electrical
energy, nuclear energy. Seen in broader con-
text, the development of naval ships is merely
one fascinating aspect of man’s long struggle
to control and utilize energy and thereby re-
lease himself from the limiting slavery of
physical labor.

We have come a great distance in the
search for the better utilization of energy,
from the muscle power required to propel an
ancient Mediterranean galley to the vast re-
serves of power available iria shipkoard nuclear
reactor. No part of this search has been easy;
progress has been slow, difficult, and often
beset with frustrations. And the search is far
from over. Even within the next few years, new
developments may drastically change our p: =s8-

" ent concepts of energy utilization.

This chapter touches briefly on some of the
highlights in the development of naval ships.
In any historical survey, it is inevitable that a
few names will stand out and a few discoveries
or inventions will appear to be of crucial sig-
nificance. We may note, however, that our
present complex and efficient fighting ships
are the result not only of brilliant work by a
relatively small number of well known men but
also of the steady, continuing work of thousands
of lesser known or anonymous contributors who
have devised small but important improvements
in existing machinery and equipment. The primi-
tive man who invented the wheel is often cited
as an unknown genius; we might do welt’to

remember also the unknown genius who dis- .

covered that wheels work better when they turn
in bearings, Similarly, the basic concepts

- “

involved in the design of steam turbines, internal
combustion engines, and gas turbine engines may
be attributed to a few men; but the innumerable
small improvements that have resulted in our
present efficient machines are very largely
anonymous.

THE.DEVELOPMENT OF STEAM
MACHINERY

One of the earliest steam machines of record
is the aeolipile developed about 2000 years ago
by the Greek mathematician Hero. This ma-
chine, which was actually considered more of a
toy or novelty than a machire, consisted of a
hollow sphere which carried four bent nozzles.

-The aspheres was free to rotate on the tubes that

carried steam from the boiler, below, to the
sphere. As the steam flowed out through the
nozzles, the sphere rotated rapidly in a direction
opposite to the direction of steam flow. Thus
Hero’s aeolipile may be cousidered as the

-world’s first reaction turbine,?

Giovanni Rattista della Torta’s treatise on
pneumatics (1621) deecribes and illustrates a
device which utilizes steam pressure to force
water up from a separate vessel. In the same
treatise, the author suggests that the condensa-
tion of steam could be used to create a vacuum,
and that the vacuum could be utilized to draw
water upward from a lower level—aremarkably
sophisticated concent, for the time.

Throughout the 17th certury, many otherde-
vices were suggested (and some of them built)
which attempted: to utilize the motive power of
steam. L many instances the scientific princi-

- ples were sound but the technology of the day

did not permit full development of the devices.

lHero's asolipile is fllustrated in chapter 12 of this
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In 1698, Thomas Savery pateated a condens-
ing steam engine which was designed to raise
water. This machine consisted of two displace-
ment chambers (or one, in some models), a
main boiler, a supplementary boiler, and ap-
propriate piping and valves, The operating
principles are simple, though most ingeniousfor
the time. When steam is admitted to one of the
displacement vessels, it displaces the water
and forces it upward through a check valve,
When the displacement vessel has been emptied
of water by this method, the supply of steam is
cut off. The steam already in the displacement
vessel is condensed as cold water is sprayed
on the outside surface of the vessel. The con-
densation of the steam creates a vacuum in the
displacement vessel, and the vacuum causes
more water to be drawn up through suction
piping and a check valve. When the displacement

vessel is again full of water, steam is again..

admitted to the vessel and the cycle isrepeated.
In 2 model with two displacement chambers, the
cycles are alternated so that one vessel is dis-
charging water upward while the other is being
filled with water drawn up through the suction

. pipe.

Although technologlcal difficulties prevented
Savery’s engine from being used as widely as
its inventor would have liked, it was success-
fully used for pumping water into buildings, for
filling fcuntains, and for other applications which
required a relatively low steam pressure, The
machine was originally designed as a devicefor
removing weater from mines, and Savery was
convinced that it would be suitable for this
purpose. It was never widely used in mines,
however, because very high steam pressures
would have been required to lift the water the
required distance. The metalworking skills of
the time were simply not up to producing suitable
pressure vessels for containing steam at high
pressures.2

Although Savery’s machine was used througi.-
out the 18th century and well into the 19th cen-
tury, two new steam engines had meanwhile
made their appearance. The first of these,
Newcomen’s ‘‘atmospheric engine,’”’ represents
a real breakthrough in steam machinery. Like

21t 1s reported that Savery attempted to use steam
pressures as high as 8 or 10 atmospheres. When one
considers the weaknegs of his pressure vessels and
the total lack of safety values, it appears somewhat
remarkable that he survived.

Savery’s device, the Newcomen engine was
originally designed for removing water from
mines, and in this it was highly successful.
However, the significance of the Newcomen
engine goes far beyond mere pumping. The sec-
ond was the Watt engine, which brought the
reciprocating steam engine to the point where it
could be used as a prime mover on iand and at
sea.

The Newcomen engine was thefirst workable
steam engine to utilize the piston and cylinder.
As early as 1690, Denis Papin3 had suggested
a piston and cylinder arrangement for a steam
engine. The piston was to be raised by steam
pressure from steam generated in the bottom of
the cylinder. After the piston was raised, the
heat would be removed and condensation of
steam in the bottom of the cylinder would create
4 vacuum. The downward stroke of the piston
would thus be caused by atmospheric pressure
acting on top of the piston. Papin’s theory was
good but his engine turned out to be unworkable,
chiefly because he attempted to generate the
steam in the bottom of the cylinder. When Papin
heard of Savery’s engine, he stopped workir.gon
his own piston and cylinder device and devoted
himself to improving the Savery engine.

The Newcomen engine, shown in figure 1-1,
was built by Thomas Newcomen and his assist=
ant, Johz Cawley, in the early part of the 18th
century.* The Newcomen engine differs from
the engine suggested by Papin inseveral impor-
tant respects, Most important, perhaps, is the
fact that Newcomen separated the boiler from
the cylinder of the engine.

As may be seen in figure 1-1, the boiler is
located directly under the cylinder. Stei.n is
admitted through a valve to the bottom of the
cylinder, forcing the piston up. The piston is
connected by a chain to the arch on one side of
a large, pivoted, working beam. The arch onthe
other side of the beam is connected by a chain
to the rod of a vertical 1lift pump,

3papin is also credited with the invention of the safety
valve,
4The year 1712 is frequently given as the date of the

. Newcomen engine, and it is probably the year in which

the engine was first demonstrated to a large public.
It is likely, however, that previous versions of the
engine were huilt at a oonsiderably earlier date, and
some authorities give the year 1705 as the date of the
Newcomen engine, -

- Q
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Figure 1-1.—The Newcomen engine.

After the steam has forced the piston to its
top position, the steam valve is shut anda jet of
cold water enters the cylinder, condensing the
steam and creating a partial vacuum, Atmos-
pheric pressure then causes the down stroke
(work stroke) of the piston. :

As the piston comes down, the working beam
is pulled down on the cylinder side. As the beam
rises on the pump side, the pump rodalso rises
and water is lifted upward. As soonas the pres-
sure in the cylinder equals atmospheric pres-
sure, an escape valve in the bottomof the cylin-
der opens and the condensate is discharged
through a drain line into a sump,

The use of automatic valve gear to control ., ,
the admission of steam and the admission of
cold water made the Newcomen engine the first
self-acting mechanism since the invention of the
clock. In the earliest versions of the Newcomen

engine, it is most likely that the admission of
steam and cold water was controlled by the
manual operation of taps rather than by auto-
matic gear. The origin of the automatic gear
is a matter of some dispute. One story has it
that a young boy named Humphrey Potter, who
was hired to turn the taps, invented the valve
gear so that he could go fishing while the engine
tended itself., This story, although persistent,
is considered ‘‘absurd’’ by_some serious his-
torians of the steam engine,

Jo 28 Watt, although often given credit for
inventiag the steam engine, did not even begin
working on steam engines until some 50 years

53ee, for example, Eugene 8. Ferguson, "The Origins
of the Steam Engine," Scientific American, January
1964, pp. 98-107.
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or so after the Newcomen engine was opera-
tional. However, Watt’s brilliant and original
contributions were ultimately responsible or
the utilization of steam engines inawide variety
of applications beyond the simple pumping of
water.,

In 1799 Watt was granted a patent for certain
improvements to ‘‘fire-engines’’ (Newcomen
engines), Since some of these improvements
represent major contributions to steam engi-
neering, it may be of interest to see how Watt
himself described the improvements in a speci-
fication:

..'‘My method of lessening the consumption of
steam, and consequently fuel, in fire-engines,
consists of the following principles:—

“First, That vessel in which the powers of
steam are to be employed to work the engine,
which is called the cylinder in common fire-
engines, and which I call the steam vessel,
must, during the whole time the engine is at
work, be kept as hot as the steam that enters
it; first by inclosing it in a case of wood, or
any other materials that transmit heat slowly;
secondly, by surrounding it with steam or other
heated bodies; and thirdly, by suffering neither
water nor any other substance colder than the
steam to enter or touch it during that time.

‘‘Secondly, In engines that are to be worked
wholly or partially by condensation of steam,
the steam is to be condensed in vesssls distinct
from the steam-vessels or cylinders, although
occasionally communicating with them; these
vessels I call condensers; and, whilst the en-
gines are working, these condensers ought at
least to be kept as cold as the air in the neigh-

- bourhood of the engines, by application of water

or other cold bodies.

‘“Thirdly, Whatever air or other clastic
vapour is not condensed by the cold of the con-
denser, and may impede the working of the
engine, is to be drawn out of the steam-vessels
or condensers by means of pumps, wrought by
the engines themselves or othrrwise,

‘’Fourthly, I intend in many cases to enploy
the expansive force of steam to press u. the
pistons, or whatever may be used instead of
them, in the same manner in whichthe pressure
of the atmosphere is now employéd in common
fire-engines. In cases where cold water cannot
be had in plenty, the engines may be wrought by

this force of steam only, by discharging the'
steam into the air after it has done its office.”

As a result of these and other improvements,
the Watt engine achieved an efficiency (interms
of fuel consumption) wiich was twice that of the
Newcomen engine at its best. Among the other
major contributions made by Watt, the following
were particularly significant in the development
of the steam engine:

1. The development of devices for translat-
ing reciprocating motion into rotary motion,
Although Watt was not the first to devise such
arrangements, he was the first to apply them
to the task of making a steam engine drive a
revolving shaft. This ope improvement alone
opened the way for the application of steam
engines to many uses other than the pumping of
water; in particular, it paved the way for {le
use of steam engines as propulsive devices.

2. The use of a double-acting piston—that
is, one which {s moved first in. one direction
and then in the oppcsite direction, as steami is
admitted first to one end of the cylinder and then
to the other.

3. The development of parallel-motionlink-
ages to keep a piston rod vertical as the beam
moved in an arc,

4. The use of a centrifugal ‘‘flyball’”’ sire
ernor to control the speed of the steam eng!i:c,
Although the centrifugal governor had beenused
before, Watt brought to it the completely new—
and very significant—concept of feedback, In
previous use, the centrifugal governor had been

capable of making a machine automatic; by add--
ing the feedback principle, Watt made his ma- .

chines self-regulating,

Neither Newcomen nor Watt were able to
utilize the advantages of high pressure steam,
largely because a copper pot was about the best
that could be done in the way of a boiler. The
first high pressure steam engines were built by

6The distinction between automatic machines and
self-regulating machines is of considerable signifi-
cance. An automatic pump, for example, can operate
without a human attendant but it cannot change its mode
of operation to fit changing requirements. A self-
regulating pump, on the other hand, operates auto-
matically..and can change its speed (or some other
characteristic) to meet increased or decreased de-
mands for the fluid beirny pumped, Tobe self-regulat-
ing, a machine must have some type of feedback
information from the output side of the machine to
the operating mechanism.
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Chapter 1-THE DEVELOPMENT OF NAVAL SHIPS

Oliver Evans, in the United States, and Richard
Trevethick, - in England, The Evans engine,
which was built in 1804, had a vertical cylinder
and a double-acting.piston. A boiler, made of
copper but reinforced with iron bands, provided
steam at pressures of several atmospheres.
The boiler was one of the first ‘‘fire-tube’
boilers; the ‘‘tubes’’ were actually flues which
were installed in such a way as to carry the
combustion gases several times through the
vessel in which the water was being heated.
This type of boller, with many refinements and
variations, became the basic boiler design of the
10th century. Trevethick, using a similar type of
boiler, built a successful steam carriage in
1801; in 1804, he built what was probably the
first modern type of steam locomotive.

Continuing efforts by many people led to
steady improvements in the steam engine andto
its eventual application as a prime mover for
ships. For many years, the major effort was to
improve the reciprocating steam engine. How-
ever, the latter half of the 18th century saw the
introduction of the firet practicable steam tur-
bines. Sir Charles Parsons, in 1884, and Dr.
Gustaf de Laval, in 1889, made major contri-
butions to the development of the steam turbine.
The earliest application of a steam turbine for
ship propulsion was made in 1897, when a 100-
ton vessel was fitted with a steam turbine which
was directly coupled tothe propeller shaft, After
the installation of the steam turbine, the vessel
broke all existing speed records for ships of any
size. In 1910, Parsons introduced the reduction
gear, which allowed both the steam turbine and
the screw propeller to operate at their most
efficient speeds-the turbine at very high speeds,
the propeller at much lower speeds. With this
improvement, the steamturbine became the most
significant development in steam engineering
since the development of the Watt engine, With
further refinements and improvements, the
steam turbine is today the primary device for
utilizing the motive power of steam.

THE DEVELOPMENT OF
MODERN NAVAL SURFACE SHIPS

The 19th century saw the appljcation of
steam power to naval ships. The first steam-
driven warship in the world was the Demologos
(voice of the people) which was later renamed
the Fulton in honor of its builder, Robert

Fulton. The ship, which is shown in figure 1-2,
was built in the United States in 1815. The ship
had a displacement of 2475 tons. A paddle wheel
16 feet in diameter, was mounted in a trough or

tunnel inside the ship, for protection from gun\—

fire. The paddle wheel was driven by a one
cylinder steam engine with a 48-inch cylinder
and a 60-inch stroke.

The next large steam-driven warship to be

- built in the United States was the Fulton 2nd.

This ship was built in 1837 at the Brooklyn
Navy Yard, The Fulton 2nd, like the Fulton (or
Demologos) before it, was fitted with sails as
well as with a steam engine. Theplant efficiency
of the Fulton 2nd has keen calculated’ tobe about
8 percent. Its maximum speed was about 15
knots, with a shaft horsepower of approximately
625.

The Fulton 2nd was rebuilt in 1852 and named
the Fulton Srd. The Fulton 3rd had a somewhat
different kind of steam engine, and its operating
steam pressure was 30 psi, rather than the 11
psi of the Fulton 2nd. Several other significant
changes were incorporated in the Fulton 3rd—but
the ship still had sails as well as a steam engine.
The Navy was still a long ways away from
abandoning sails in favor of steam,

The Mississippi and the Missouri, built in
1842, are sometimes regarded as marking the
beginning of the steam Navy-—even though they,
too, still had sails. The two ships were very
much alike except for their engines. The Mis-
souri had two inclined engines. The Mississippi
had two side-lever engines of the type shown in
figure 1-3. Three copper boilers were used on
each ship. Operating steam pressures were
approximately 15 psi. )

The Michigan, which joined the steam Navy
soout 1843, had iron boilers rather than copper
ones. These boilers lasted for 50 years. The
Michigan operated with a steam pressure of 29
psl.

The Princeton, which joined the steam Navy
in 1844, was remarkable for a number of rex-
sons, It was the first warship inthe world to use
screw propellers, although they had been tried

7See Morris. Welling, Gerald M. Boatwright, and
Maurice R. Hauschildt, 'Naval Propulsion Machin-
;g." Naval Engineers Journal, May 1963, pp. 339~
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Figure 1-2.—The Demologos: the first steam-driven warship.

out more thanforty years before.8 The Princeton
had an unusual oscillating, rectangular-piston
type of engine (fig. 1-4). The piston rod was con-
nected directly to the crankshaft, and the cylinder
oscillated in trunnions. This ship was alsonote-
worthy for being the first warship to have all
machinery located below the waterline, thefirst
to burn hard coal, and the first to supply extra
air for combustion by having blowers discharge
to the fireroom. But even the Princeton still
had sails. _

Almost twenty steam-~driven warships joined
tlie steam Navy between 1854 and 1860. One of

In 1802, Colonel John Stevens applted Archimedes'
socrew as & means of ship propulsion. The first ship
that Stevens tried the screw on was a single-screw
ship, which unfortunately ran in ciroles. The second

'l

these was the Merrimac. Another was the
Pensgacola, which was somewhat ahead of its
time in several ways. The Pensacola had the
first surface condenser (as opposed to a jet
condenser) to be used on a ship of the U.S.
Navy. R also had the first pressurized fire-
rooms.

It was not until 1867 that the U.S. Navy
obtained a complétely steam-driven ship. In the
Navy’s newly created Bureau of Steam Engi-
neering, a brilliant designer, Benjamin Isher-
wood, conceived the idea for a fast cruiser, One
of Isherwood’s ships, the Wi , attained
the remarkable speed of 17.75 knots ing her
trial runs, and maintained an average of 16.6
knots for a period of 38 hours in rough seas.

The W had a displacement of 4215
tons, a length of 385 fect, and a beam of 45 foet,
The engines consisted of two 100-inch single-
expansion cylinders turning one shaft. The engine
shaft was geared to the propeller shaft, driving
the propelier at slightly more than twice the
speed .of the engines, Steam was by
four boilers at a pressure of 35 psi and was
superhested by four more boilers. The
iw;m propulsion plant, shown in figure

=5, was a remarkable power plant for itstime.
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Sad tu relate, the Wampanog came to an
ignominious end. A board of admirals concluded
that the ship was unfit for the Navy, that the
four-bladed propeller was an interference to
good sailing, and: that the four superheater
boilers wer2 merely an unnecessary refinement.
As a result of this expert opinion, two of the
four propeller blades and all four of the super-
heater boilers were removed. The Wampanog
was thus reduced from a superior steam-driven
ship to an inferior sailing vessel, with steam
used merely as an auxiliary source of power.

The modern U.S. Navy may be thought of as
dating from 1883, the year in which Congress
appropriated funds for the construction of the
first steel warships. The major type of engine
was still the reciprocating steam engine;
however, the latter part of the 19th century saw
increasing interest in the development of internal
combustion engines and steam turbines.

1417.3
Figure 1-3.—~Side-lever engine,
USS Mississippi (1842).

Figure 1-4,-Osclllating engine,
USS Princeton (1844).

Ship designers approached the close of the
16th century with an intense regard for speed.
Shipbuilders were awarded contracts withbonus
and penalty clauses based on speed performance.
In the construction of the cruisers Columbia and
Mﬁmn_egallg, a speed of 21 knots was specified,

e contract stipulated a bonus of $50,000 per
each quarter-knot above 21 knots and a penalty
of $25,000 for each quarter-knot below 21 knots.
The Coiumbia maintained a trial speed of 22.8
knots for 4 hours, and thereby earned.for her
builders a bonus of $350,000. Her sister ship,
the Minne is, made 23.07 knots onher trials,
earning , for that performance. Other

. shipbuilders profited in similar fashion fromthe

speed race. And some, of course, were penalized
for failure. The builders of the Monterey, for
example, lost $33,000 when tbe ship failed to
meet the specified speed.

By the early part of the 20th century, steam
was here to stay; the ships of all navies of the
world were now propelled by reciprocating steam
engines or by steam turbines. Coal was still the
standard fuel, although it had certain disadvan-
tages that were becoming increasingly apparent,
One of the problems was the disposal of ashes.
The only practicable way to get rid of them was
to dump them overboard, but this left a telltale
floating line on the surface of the sea, easily
seen and followed by the enemy. Furthermore,
the smoke from the smokestacks was enough to
reveal the presence of a steam-driven ship even
when it wae far beyond the horizon. The military
disadvantages of coal were further emphasized
by the fact that it took at least one day to coal
the ship, another day to clean up—a minimumof
two days lost, and the coal would only last for
another two weeks or so of steaming.

Then came oil. The means for burning oil
were not developed until the early part cf the
20th century. Once the techniques and equip-
ment were perfected, the change from coal to
oil took place quite rapidly. Our first oil-burn-
ing battleships were the Oklahoma and the
Nevada, which were laid down in 1011, All coal-
burning ships were later altered to burn oil.

While the coal-to-oil conversion was in prog-
ress, a tug-of-war was going on inanother area.
The reciprocating steam engine and the steam
turbine each had its proponents, To settle the
matter, the Bureau of Engineering made the
decision to install reciprocating engines in the
Oklahoms snd steam turbines in the Nevada,
Although there were still many problems to be
solved, the steam turbine was well on its way
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to becoming the major prime mover for naval
ships.

With the advent of the steam turbine, the
problem of reconciling the speed of the prime
mover and the speed of the propeller became
critical, The turbine operates most efficiently
at high speed, and the propeller operates most
efficiently at low speed. The obvious solution
was to use reductivn gears between the shaft
of the prime mover and the ghaft of the pro-
peller; and, basically, this is the solution that
was adopted and that is still in use on naval
ships today. However, other solutions are pos-
sible; and one—the use of turboelectric drive—
was tried out on a fairly large scale.

During World War I, the collier Jupiter (later
converted to the aircraft carrier Langley) was
fitted with turboelectric drive. The high speed
turbines drove generators which were electri-
cally connected to low speed motors. The ‘‘big
five’’ battleships—the land, the Colorado,
the West Virginia, the California, and the
Tennessee-were all built with turboelectric
drive. Ultimately, however, starting with the
modernization of the Navy in 1934, the turbo-
electric drive gave way to the geared-turbine

STEPUP
GEAR

drive; and today there are relatively few ships
of the Navy that have turboelectric drive.

The period just before, during, and after
World War II saw increasing improvement and
refinement of the geared-turbine propulsion
plant. One of the most notable developments
of this period was the increase in operating
steam pressures—from 400 psi to 600 psi and
finally, on some ships, to 1200 psi. Other im-
provements included reduction in the size and
weight of machinery and the use of a variety
of new alloys for high pressure and high tem-
perature service.

Although the developmen: of naval surface
ships, unlike the development of submarines,
has been largely dependent upon the develop-
ment of steam machinery, we should not aver-
look the importance of an alternate line of
work—=namely, the development of internal com-
bustion engines. In the application of diesel
enginea to ship propulsion, Europe was con-
siderably more advanced than the United States;
as late as 1932, in fact, the United States was
in the embarrassing position of having to buy
German plans for diesel submarine engines, A
concerted effort was made during the 1930’s
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Figure 1-5.—Propulsion plant of the Wampanog.
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Chapter 1-THE DEVELOPMENT OF NAVAL SHIPS

Figure 1-6.—The nuclear surface fleet, 1965: USS Long Beach, CGN 9 (top); USS

147.6

Enterprise, CVAN 65 (middle); and USS Bainbridge, DLGN 25 (bottom).

to develop an American diesel industry, and the
U.S. Naval Engineering Experiment Station (now
the Marine Engineering Laboratory) at Annapolis
undertook the testing and evaluation of prototype
diesel engines developed by American manufac-
turers. The success of this effort may be seen
in the fact that by the end of World War II the
diesel horsepower installed in naval vessels
exceeded the total horsepower of naval steam
plants,

Since World War II, the gas turbine engine
has come into increasing prominence as a pos-
sible prime mover for naval ships. It is con--
sidered likely that the next few years will see
enormously increased applicatfdn of the gas
turbine engine for ship propulsion, either singly
or in combination with steam turbines or diesel
engines,

One of the most dramatic events In the
entire history of naval ships is the application
of nuclear power, first to submarines and then
to surface ships. The first three ships of our
nuclear surface fleet are shown in figure 1-6,
The middle ship is the aircraft carrier USS
Enterprise, CVAN 65; on the flight deck, crew
members are shown forming Einstein’s famous
equation which is the basis of controllednuclear
power. The other two ships are (top) the guided
missile cruiser USS Long Beach, CGN 9, and
(bottom) the guided missile frigate USS Bain-
bridge, DLGN 25. The fourth nuclear surface
ship to join the fleet was the USS Truxton,
DLGN 385. A fifth nuclear surface ship soon
to join the fleet is the USS Nimitz, CVAN 68.
Although the full implications of nuclear pro-
pulsive power may not yet be fully realized,
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one thing is already clear: the nuclear-powered
ship is virtually free of the 1imitations onsteam-
ing radius that apply to ships using other forms
of fuel. Because of this one factalone, the future
of nuclear propulsive power seems assured.

THE DEVELOPMENT OF SUBMARINES

Although ancient history records numerous
attempts of varying degrees of success to build
underwater craft and devices, thefirst success-
ful submersible craft—and certainly the first to
be used as an offensive weapon in naval war-
fare—was the Turtle, a one-man submersible
invented by David Bushnell during the American
Revolutionary War. The Turtle, which was pro-
pelled by a hand-operated screw propeller, at-
tempted to sink a British man-of-war in New
York Harbor. The plan was to attach a charge
of gunpowder to the ship’s bottom with screws
and to explode it with a time fuse. After re-
peated failures to force the screws through the
copper sheathing of the hull of the British ship,
the submarine gave up, released the charge, and
withdrew. The powder exploded without any

result except to cause the British man-of-war

to shift to a berth farther oul to sea.

o 110.104
Figure 1-7.—The Turtle—the first submersible
used in naval warfare.

The Turtle, shown infigure 1-7, looked some-
what like a lemon standing on end. The vessel
had a water ballast system with hand-operated
pumps, as well as the hand-operated propeller.
It also had a crude arrangement for drawing in
fresh air from the surface. The vent pipes even

closed automatically when the water reached -
a certain level.

In 1798, Ropert Fuiton built a small sub-
mersible which he called the Nautilus. This
vessel, which is shown in figure 1-8, had an
overall length of 20 feet and a beam of 5§ feet.
The craft was designed to carry three people
and to stay submerged for about an hour. The
first Nautilus carried sails for surface propul-
sion and a hand-driven screw propeller for
submerged propulsion. The periscope had not
yet been invented, but Fulton’s crafthadamodi-
fied form of conning tower which had a porthole
for underwater observation. In 1801, Fultontried
to interest France, Britain, and America in his
idea, but no nation was willing to sponsor the
development of the craft, even though this was
the best submarine that had yet been designed.

Interest in the development of thesubmarine
was great during the period of the Civil War,
but progress was limited bythelackof a suitable
means of propulsion. Steam propulsion was
attempted, but it had many drawbacks, and hand
propulsion was obviously of limited value. The
first successful steam-driven submarine was
built in 1880 in England. The submarine had a
coal-fired boiler and a retractable smokestack.

1471
Figure 1-8.—~The first Nautilus
(Robert Fulton, 1798).

In 1886, an all-electric submarine was built
by two Englfshmen, Campbell and Ash. Their
boat was propelled at a surface speed of 6 knots
by two 50-horsepower electric motors operated
from a 100-cell storage battery. However, this
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craft suffered from one major defect: its bat-
teries had to be recharged and overhauled at
such short intervals that its effective range
never exceeded 80 miles.

In 1875, in New Jersey, John P. Holland built
his first submarine. Twenty-five years andnine
boats later, Holland finally built the U.S, Navy’'s
first submarine, the USS Holland (fig. 1-9). Al-
though Holland’s early models hadfeatures which
were later discontinued, many of his initial
ideas, perfected in practice, are still in use
today. The Holland had a length of 54 feet and a
displacement of 75 tons. A 50-horsepower gaso-
line engine provided power for surface propul-
sion and for battery charging; electric motors
run from the storage batteries provided power
for underwater running.

Just before Holland delivered his first sub-
marine to the Navy, his company was reorganized
into the Electric Boat Company, which continued
to be the chief supplier of U.S, Navy submarines
until 1917, After the acceptance of the Holland,
new contracts for submarines came rapidly. The
A-boats, of which there were seven, were com-
pleted in 1903, These were improved versions
of the Holland; they were 67 feet long and were
equipped with gasoline engines and electric
motors. This propulsion combination persisted

through a series of B-boats, C-boats, and D-

boats turned out by the Electric Boat Company.

The E-boat type of submarine was the first
to use diesel engines. Diesel engines eliminated
- much of the physical discomfort that had been
caused by fumes and exhaust gases of the old
gasoline engines. The K-boats, L-boats, and
O-boats of World War I were all driven by
diesel engines.

There was little that was spectacular about
submarine development in the United States
between 1918 and 1941, The submarines built
just before and during World War II ranged
from 300 to 320 feet in length and displaced
approximately 1500 tons on the surface. These
included such famous classes as Balao, Gato,
Tambor, Sargo, Salmon, Perch, and Pike.

In the latter part of World War II, the

‘ Germans adopted a radical change insubmarine

design known as the ‘“‘schnorkel.’’ The spelling
was reduced to ‘‘snorkel’’ by the Americans and
to “snort” by the British. The snorkel is a
breathing tube which is raised while the sub-
marine is at periscope depth. With the snorkel
in the raised position, air for the diesel engines
can be obtained from the surface,

The snorkel was developed and improved by
the U,S. Navy at the end of World War II and was
installed on a number of submarines. Another
post-war development was the Guppy submar-
ine, The Guppy (Greater Underwater Propulsion
Power) was a conversion of the fleet-type sub-
marine of World War II. The main change was
in the superstructure of the hull; this was changed
by reducing the surface area, streamliningevery
protruding object, and enclosing the periscope
shears in a streamlined metal fairing.

With the advent of nuclear power, a new
era of submarine development has begun. The
first nuclear submarine was the USS Nautilus,
SSN 571, which was commissioned on 30 Sep-
tember 1954. At 1100 on 17 January 1955, the
Nautilus sent its historic message: ‘‘Underway
on nuclear power.’’

The Nautilus broke all existing records for
speed and submerged endurance, but even these
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records were soon broken by subsequent gen-
erations of nuclear-powered submarines. The
modern nuclear-powered submarine is some-
times considered ‘‘the first true submarine’’
because it is capable of staying submerged al-
most indefinitely.

With the development of the modern missile
firing submarine—a nuclear-powered submarine

.

which is capable of submerged firing of the
Polaris/Poseidon missile=the submarine has
become one of the most vital links in our
national defense. The modern nuclear-powered
missile firing submarine is a far cry from
David Bushnell’s hand-propelled Turtle, but
an identical need led to the development of both
types of vessels: the need for better and more
effective fighting ships,




CHAPTER 2

SHIP DESIGN AND CONSTRUCTION

As ships have increased in size and com-
plexity, plans for building them have become
more detailed and more numerous. Today only
meticulously detailed plans and well conceived
organization, from the designers to the men
working in the shops and on the ways, can pro-
duce the ships required for the Navy.

After intensive research, many technical ad-
vances have been adopted in the design and con-
struction of warships. These changes were
brought about by the development of welding
techniques, by the rapid development in air-
craft, submarines, and weapons, and by develop-
ments in electronics and in propulsion plants.

This chapter presents information concern-
ing basic ship design considerations, ship flo-
tation, basic ship structure, ship compartmen-
tation, and the geometry of the ship.

BASIC DESIGN CONSIDERATIONS

Combat efficiency is the prime requisite of
warships. Some important factors contributing
to combat efficlency are sea-keeping capabili-

ties, maneuverability, and ability to remain in-

action after sustaining combat damage.
Basic considerations involved in the design
of naval ships include the following:

1. Cost.—The initial cost is important in
warship design, but it is not the only cost
consideration. The cost of maintenance and
operation, as well as the cost and availability
of the required manning, are equally impor-

tant considerations.
2. Lite cy.—The life expectancy of
a ship is ited by ordinary detesioration in

service and also by the possibility of obsoles-
cence due to the design of more.efficient ships.

3. Service.~‘rfhe service to be performed
substantially affects the design of any ship.

20

4, Port Facilities.—The port facilities
available in the normal operating zone of the
ship affect the design to some extent. Dockyard
facilities available for drydocking and main-
tenance work must be taken into consideration.

5. Prime Mover.—The type of propelling
machinery to be used must be considered from

the point of view of the required speed of the

ship, the location in the ship, space and weight
requirements, and the effect of the machinery
on the center of gravity of the ship.

6. Special Considerations.—Special consid-
erations sucn as the fuel required, the crew to
be carried, and special weapons are factors
which restrict the designer of a naval ship.

Naval ships are designed for maximum sim-
plicity that is compatible with the requirements
of service. Naval ships are designed as simply
as possible in order to lower building and oper-
ating costs and in order to ensuregreater avail-
ability of construction facilities.

The following operating considerations atfect
the size of a naval ship:

1. Width and Length of Canal Locks and
Dock Facilities. These considerations obviously

have an effect on the size of ships that must
use the canals or dock facilities.

2. Effect of Speed.—For large ships, speed
may be maintained with a smaller fraction of
displacement devoted to propulsion machinery
than is the case for smaller ships. Also, large
ships lose proportionately less speed through
adverse sea conditions.

3. Effect of Radius of Action.~—An increas-
ing cruising radius may be obtained by in-
creasing displacement without increasing the
fraction of displacement allotted to fuel and
stores. H the fraction of displacement set
aside for fuel and stores is increased, some
other weight must be decreased. Since the hull

[ 4]
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weight is a constant percentage of the displace-
ment, an increase in the fraction of the dis-
placement assigned to one military charac-
teristic involves the reduction of otherfractions
of displacement. By increasing the displacement
of the ship as a whole, it is possible to in-
crease the speed and the radius of action with-
out adversely affecting the other required
characteristics.

4. Effect of Seagoing Capabilities.—Larger
ships are more seaworthy than smaliier ships.
However, smaller ships are more maneuver-
able because they have smaller turning circle
radif than larger ships. where all other factors
are proportional. The maneuverability of large
ships may be increased somewhat by the use
of improved steering gear and large rudders.

In general, larger ships have the advantage
of greater protection because of their greater
displacement. From the point of view of under-
water attack, larger ships also have an ad-
vantage. If compartments are of the same size,
the number of compartments increases linearly
with the displacement. It is apparent, then, that
protection against both surface and subsurface
attacks may be more effective on larger ships
without impairing other military characteristics,

Many compromises must be made in de-
signing any ship, since action which improves
one feature may degrade another. For example,
in the design of a conventionally powered ship
there is the problem of choosing the hull line
for optimum performance at a cruising speed
of 20 knots and at a trial speed of 30 knots or
more. One may select a hull type which would
minimize resistance at top speed, and thus
keep the weight of propulsion machinery to
2 minimum. When this is done, however, re-
sistance at cruising speed may be high and the
fuel load for a given endurance may be rela-
tively great, thus nullifying some of the gain
from a light machinery plant, On the otherhand,
one may choose a hull type favoring cruising
power, In this case, fuel load will be lighter
but the shaft horsepower required to make
trial speed may be greater than before. Now
the machinery plant is heavier, cancelling some
of the weight gain realized from the lighter
fuel load., A compromise based on the inter-
relationship of these conside must usually
be adopted. The need for compromise 1s always
present, and the manner in which it is made
has an important bearing on the final design of
any naval ship.

SHIP FLOTATION

When a body floats in still water, the force
which supports the body must be equal to the
weight. Assume that an object of given volume
is placed under water. If the weight of this
object is greater than the weight of an equal
volume of water, the object wiil sink. It sinks
because the force which buoys it up is less
than its own weight. However, if the weight of
the submerged object 18 less than the weight
of an equal volume of water, the object will
rise. It rises because the force which buoys it
up is greater than its own weight. The object
will continue to rise until part of it is above
the surface of the water. Here it floats at such
a depth that the submerged part of the object
displaces a volume of water, the weight of
which s equal to the weight of the object.
" The principle implied in this discussion is
known as Archimedes’ law: the weight of a
floating body is equal to the welght of the TTuld
dispiaced.

The cube of steel shown in part A of figure
2-1 is a solid cube of the dimensions shown.
I this cube is dropped into salt water, it will
sink because it weighs approximately 490 pounds
and the weight of the salt water it displaces
is approximately 64 pounds. H the cube is
hammered out into a watertight flat plate
of the dimensionc shown in part B of figure
2-1, with the edges bent up one foot all around,
the box thus formed will float. This box could
be made from the same volume of steel as
that of the cube. The box will not only float;
in calm water, it will carry an additional 1800
pounds of weight before sinking. As a box, the
metal displaces a greater volume than the same
amount of metal does as a 1-foot cube.
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Figure 2-1.-Steel cube and box made
from same volume of steel.
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BASIC SHIP STRUCTURE

4 In considering the structure of a ship, it

is common practice to liken the ship to a box
girder. Like a box girder, a ship may be sub-
jected to tremendous stresses. The magnitude
of stress is usually expressed in pounds per
square inch (psi).

When a pull is exerted on each end of a bar,
as in part A of figure 2-2, the bar is under the
type of stress called tension. When a pressure
is exerted on each end of a bar, as in part
B of figure 2-2, the bar i8 under the type of
stress called compression. I an equal but
opposite pull is exerted on the upper and lower
bars, as shown in part C of figure 2-2, the
pins connecting these bars are subjected to a
stress at right angles to their length. This
stress is called ghear. When a shaft, bar, or
other material is subjected to a twisting motion,
the resulting stress is known as torsional
stress, Torsional stress is not {llustrated in
figure 2-2,

When a material is compressed, it is short-
ened, When it is subjected to tension, . it is
lengthened. This change in shape is called strain.
The change of shape (strain) may be regarded
as an effect of stress.

If a simple beam is supported at its two
ends and various vertical loads are applied
over the center of the span, the beam will
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Figure 2-2.—Stresses mmetal (A) tension;
(B) compression; (C) shear.

bend (fig. 2-3). As the beam bends, the upper
section of the beam compresses and the lower
part stretches. Somewhere between the top and
bottom of the beam, there is a section which
is neither in compression nor in tension; this
is known as the peutral axis. The greatest
stresses in tension and compression occur
near the middle of the length of the beam,
where the loads are applied.

LONGITUDINAL BENDING AND STRESSES

In an I-beam, the greater mass of struc-
tural material is placed in the upper and lower
flanges to resist compression and tension. Rel-
atively little material is placed in the web

which holds the two flanges so that they cun

work together; the web, being near the neutral
axis, is less subject to tension and compres-
sion stresses than are the flanges. The web
does take care of shearing stresses, which
are sizeable near the supports.

A ship in a seaway can be considered similar
to this I-beam (or, more correctly, it can be
likened to a box girder) with supports and dis-
tributed loads. The supports are the buoyant
forces of the waves; the loads are the weight
of the ship’s structure and the weight of every-
thing contained within the ship.

The ship shown in figure 2-4 is supported
by waves, with the bow and stern each riding
a crest and the midship region in the trough.
This ship will bend with compression at the
top and tension at the bottom. A ship In this
condition is said to be . In a sagging
ship, the weather deck te to buckle under
compressive stress and the bottom platingtends
to stretch under tensile stress. A sagging ship
is undergoing 1 tudinal ben -—that is, it
is bending In a fore-and-aft direction.

When the ship advances half a wave length,
80 that the crest is amidships and the bow and
stern are over troughs, as shown in figure 2-5,

147.9
Figure 2-3,—I-beam with load placed
over center.
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Figure 2-4,.—Sagging.

the stresses are reversed. The weather deck
is now in tension and the bottom plating is in
compression. A ship in this condition is said
to be . Hogging, like sagging, is a form
of longi bending. The effects of longitu-
dinal bending must be considered in the design
of the ship, with particular reference to the
overall strength that the ship must have.

In structural design, the terms hull
and shi der are used to designate the struc-
tur, the hull. The structural parts
of the hull are those parts which contribute to
its strength as a girder and provide what is
known as longitudinal strength. Structural parts
include the ing (transverse and longitu-
dinal), the shellplating, the decks, andthelongi-
tudinal bulkheads. These major strength mem-
bers enable the ship girder to resist the various
stresses to which it is subjected.

The ship girder is subjected to rapid re-
versal of stresses when the ship i8 in a seaway
and is changing from a hogging condition to a
sagging condition (and vice versa), since these
changes occur in the short time required for
the wave to advance half a wave length. Other
dynamic stresses are caused by pressure loads
!orward due to the ship’s motion ahead, by
pantingl of forward plating due to variations
of pressure, by the thrust of the propeller, and
by the rolling of the ship.

Transverse stress results from the pres-
sure of the water on the ship’s sides which
subjects the transvirse framing, deck beams,
and shellplating below water to a hydrostatic
load, Local stresses occur in the vicinity of
masts, windlasses, winches, and heavy weights,
These areas are mengthenedﬁ thicker deck
plating or by deeper or reinforced deck beams.

lP-um; is a-mnllm-md-o\nworklngoﬂinpuﬂng
at the bow,

HULL MEMBERS

The principal strength members of the ship
girder are at the top and bottom, where the
greatest stresses occur. The top flange in-
cludes the main deck plating, the deck stringers,
and the sheer strakes of the side plating. The
bottom flange includes the keel, the outer bottom
plating, the inner bottom plating, and any con-
tinuous longitudinals in way of the bottom. The
side webs of the ship girder are composed of
the side plating, aided to some extent by any
long, continmuous fore-and-aft bulkheads. Some
of the strength members of a destroyer hull
girder are indicated in figure 2-6.

Keel

The keel is a very important structural
member of the ship. The keel, shown in figure
2-7, is built up of plates and angles into an
I-beam shape. The lower flange of this I-beam
structure is the flat keel plate, whlch forms
the center strake of the bottom plating.2

The web of the I-beam is a solid plate which
is called the verti keel. The upper flange
is called the rider plate; this forms the center
strake of the er bpottom plating. An inner
vertical keel of two or more sections, con-
sisting of I-beams arranged one on top of the
other, i8 found on many large combatant ships.

Framing

Frames used in ship construction may be of
various shapes. Figure 2-8 fllustrates frames
of the angle, I-beam, tee, bulb angle, and chan-
nel shapes. Figure 2-9 shows two types of

TENSION +H
[11)

°t . 147.11
Figure 2-5.—Hogging.

large ships, an additional member is attached to
flange to serve as the center strake,
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Chapter 2—SHIP DESIGN AND CONSTRUCTION

DECK STRINGER

1
\ DECK
LmGIT}JD'mLS

[

LONGIT!JDINALS

GARBOARD OR **A** STRAKE

SHEER STRAKE
(“G" STRAKE)

“E" STRAKE
“'E" STRAKE

BILGE STRAKE
"D" STRAKE

\ ner STRAKE

“'B" STRAKE

147,12

Figure 2-6,—Destroyer hull girder, showing some strength members.

built-up frames, one of welded construction and
the other of riveted construction.

Frames are strength members. They act
a8 integral parts of the ship girder when the
ship is exposed to longitudinal or transverse
stresses, Frames stiffen the plating and keep
it from bulging or buckling, They act as girders
between bulkheads, decks, and double bottoms, .
and transmit forces exerted by load weights
and water pressures, The frames algso support
the imner and outer shell locally and protect
against unusual forces such as those caused
by underwater explosions. As may be inferred,
frames are called upon to perform a variety
of functions, depending upon the location of the
frames in the ship. Figure 2-10 shows a web
frame used in wing tank construction.

There are two important systems of fram-
ing in current use: the transverne system and
the longitudinal system. The trangvurse system
provides for continuous transverse frames with
the longitudinals intercostal between them,
Transverse frames are closely spaced and
a small number of longitudinals are used. The
longitudinal system of framing consists of
closely spaced longitudinals which are con-
tinuous along the length of the , With trans-
verse frames intercostal the longitu-
dinals,

Transverse frames are attached to the keel
and extend from the keel outward around the

. 24
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turn of the bilge and up to the edge of the main
deck. They are closely spaced along the length
of the ship, and they define the form of the ship,

Longitudinals (tig. 2-11) run parallel to the
keel along the bottom, bilge, and side plating,
The longitudinals provide longitudinal strength,
stiffen the shellplating, and tie the transverse
frames and the bulkheads together. The longi-
tudinals in the bottom (called side keelsons)
are of the built-up type.

Where two sets of frames intersect, one
set must be cut to allow for the other set.
The frames whichare cut, and thereby weakened,
are known as intercostal frames; those which
continue through are called continuous frames,

Figure 2-7,—One type of keel structure.
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veL
anoLs I-o0an MAIN DECK LONGITUDINALS
STRINGER .
e n 15 i

DECK BEAM

BB ANGLE AL

11,30(147)A
Figure 2-8,—Angle, I-beam, tee, bulb
angle, and channel frames,

P
LONGITUDINALS

11.30(147)B
Figure 2-9.—Built-up frames. 147,15
Figure 2-11.—Basic frame section
(longitudinal framing).

In the bottom framing, which is probably
the strongest part of a ship’s structure, the
floors and keelsons are integrated into a rigid
cellular construction (fig. 2-13). Heavy loads
such as the ship’s propulsion machinery are
bolted to fowndations which are built directly
on top of the bottom framing (fig. 2-14).

Double Bottom

In many naval ships, the inner bottom plat-
ing is a watertight covering laid on top of the
bottom framing. The shellplating, framing,
and inner bottom plating form the space known

147,14 as the double bottom. This space may be used
Figure 2-10,—Web frame used in wing for stowage of fresh water or fuel oil or it
tank construction. may be used for ballasting.

: . The immer bottom plating is a second skin
Both intercostal and continuous frames are inside the bottom of the ship. Rt prevents
shown in figure 2-12, flooding in the event of damage to the outer

A cellular form of framing results froma  bottom, and -it also acts as a strength member.
combination of longituding] and transverse

framing systems utilizing closely spaced deep Stem and Bow Structure
framing. Cellular framing is used on most The stem assembly, which is the forward
naval ships. - member of the ship’s structure, varies in form

. »
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Figure 2-13.—~Bottom structure,

from one type of ahtp to another. _The external
shape shown in figure 2-15 is commonly used

on ‘combatant ‘ships. This fori is essentially -

bulbous at the forefoot, - taperlng to:a sharp
entrance near -the waterline and again wldenlng
above the waterllne. Figure” 2-16 shows. the™

relatlonehtp -between’ the stem assembly ‘and -
the ‘Keel.’ Internally, the stem assembly has-a:.
heavy: centerltne .meémber: whtch 18 'called the "

stem % (not lllustrated) -The stem post is -
reces

along its after edge to. recelve the

'rhie Tecess is called a ra.bbet.

26

147,16

BILGE KEEL

147.17

'shellplating, so that the outside presents a
. smooth surface to cut through the water. The

keel structure is securely fastened to the lower
end of the stem by welding. The stem maintains
the continuity of the keel strength up tothe main
deck. The decka support the stem at various
intermediate points .along " the etem structure

-between the keel and the decks. -

Trlangular platee ‘known a3 breast hooks

" “are fitted parallel. to and between the decks or

side stringers in the bow for the purpose of
rigidly fastening together .the peak frames, the

: stem, and the outside plating,
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MACHINERY
FOUNDATION

DEEP FRAME

BILGE KEEL

147,18
Figure 2-14,—Deep floor assembly for
machinery foundations.

22

Stern Structure

The aftermost section of the ship’s structure -

is the stern post, which is rigidly securedto the
keel, shellplating, and decks. On single-screw
ships, the stern post is constructed to accom-
modate the propeller shaft and rudder stock
bosses. Because of its intricate form, the stern
post is usually either a steel casting or a com-
bination of castings and forgings. In modern war-
ships having transom sterns, multiple screws,
and twin rudders, the stern post as such is diffi-
cult to define, since it has been replaced by an
equivalent structure of deepframing. This struc-
ture (fig. 2-17) consists of both longitudinal and
transverse framing that extends throughout the
width of the bottom in the vicinity of the stern.
In order to withstand the static and dynamic loads
imposed by the rudders, the stern structure is
strengthened in the vicinity of the rudder postby
a structure known as the rudder post weldment,

147.19
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147,20
Figure 2.-16.—Relationship of stem assembly to
keel.

DECK PLATING \

Plating

The outer bottom and side plating forms a
strong, watertight shell. Shellplating consists of
approximately rectangular steel plates arranged
longitudinally in rows or courses called strakes.
The strakes are lettered, beginning with the A
strake (also called the board strake) which
is just outboard of the keel working up to
the uppermost side strake (called the sheer
strake).

The end joint formed by adjoining plates ina
strake is called a butt. The joint between the
edges of adjoining strakes is called a seam.
Butts and seams in side plating are illustrated !
in figure 2-18,

Since the hull structure is composed of a
great many individual pieces, the strength and
tightness of the ship as a whole depend very
much upon the strength and tightness of the
connections between the individual pieces. In
modern naval ships, welded joints are used to a

T e b L A b e T AT R R oYY e u"'@":

DECK
LONGITUDINALS

= |

NWNNE

NN

NY

R

e ——

STANCHION

PACKING
GLAND

NN
NSANNNN

NN

.
Drrsrsrsrrr?==

RUDDER
POST

Z .
S ANNNAN

NNNNANNNY
s,
NN 7 4

N

AN
\

SN
\ T
N \\\\\\\

AN

LN
N

NN

SN

OO

VLLLN

SRR
NN

W w
RS
N

DN

4t

"+ Figure 2-17,.=8tern structure,

NNNNNNY
\\\\\\\\\\\\\\ -

NANNNY
NN

N

NN\

RUDDER
POST
WELDMENT

P2é
NN
)

N

N

N [/
oA r77772777.7>-~

N

PZOR
/7 N
LK 7

ANAANY

STERN WELDMENT
WITH FLOOR AND

KEEL RUDDER

NN
ARASSSN

TR

Y R

SN

U
ERSSS

SN

NS
\

AN

NN

147,21




PRINCIPLES OF NAVAL ENGINEERING

Figure 2-18.—8ection of ship, showing plating and framing,

very great extent. However, riveted joints are
still used for some applications,

Bilge Keels

Bilge keels, which may be seen in figures
2-11, 2-18, and 2-14, are fitted in practically
all ships at the turn of the bilge. The bilge keels

extend fifty to seventy-five percent of thelength

of the hull, A bilge keel usually consists of a
plate about 12 inches deep, standing at right
angles to the shellplating and secured ‘to the
shellplating by double angles. On more recent
ships, bilge keels consist of two plates forming
a Vee shape welded to the hull and on large
ships may extend out from the hull nearly three
feet, Bilge keels serve to reduce the extent of
the ship’s rolling. L
Decks ¢

Decks provide both longitudinal and trans-
verse strength to the ship. Deck plates, which

3.92

are similar to the plates used inside and bottom
shellplating, are supported by deck beams and
deck longitudinals,

" The term streng% deck is generally applied
to the deck which acts as the top flange of the
hull girder. It is the highest continuous deck—

usually the main or weather deck, However, the
term

strength deck may be applied to any con-
tinuous deck which carries some of the longi- |

tudinal 1oad. On destroyers and similar ships
in which the main deck is the only continuous
high deck, the main deck is the strength deck.

. The -flight deck is the strength deck on recent

24

large aircraft carriers (CVAs) and helicopter
support ships (LPH), but the main or hangar
deck is the strength deck on older types of car-
riers,

The main deck is supported by deck beams
and deck longitudinals. Deck beams. are the
transverse members of the framing structure.
The beams are attached to and supported by the
frames at the sides, as shown in figure 2-19,
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Chapter 2—-SHIP DESIGN AND CONSTRUCTION

In most naval construction, light deckbeams are
interspaced at regular intervals with deep deck
beams, Deck longitudinals are used to provide
longitudinal strength, When possible, the heavi-
est longitudinals are located at the center and
near the outboard edges,

The outboard strake of deck plating which
connects with the shellplating is called the deck
stringer (fig. 2-11), The deck stringer, which
Is heavier than the other deck strakes, serves
as a continuous longitudinal stringer, providing
longitudinal strength tothe ship’s structure.

Upper Decks and Superstructure
The decks above the main deck are not

The upper decks are usually interrupted at in-
tervals by expansion joints. The expansion joints
keep the upper decks from acting as strength
decks (which they are not designed to be) and
thus prevent cracking and buckling of deck 147,22
houses and superstructure.

BRACKET
Stanchions

In order to reinforce the deck beams and
to keep the deck beam brackets and side frames
from carrying the total load, vertical stanchions
or columns are fitted between decks, Stanchions
are constructed invarious ways of various mate-
rials, Some are made of pipe or rods; others
are built up of various plates and shapes, welded - DECK BEAM
or riveted together. The stanchion shown in :
figure 2-20 is in faifly common use; this pipe
stanchion consists of a steel tube which is fitted . \
with special pieces for securing it at the upper " \STANCHION
end (head) q.nd at the lower end (heel),

Bulkheads are the vertical partitions which,
extending athwartships and fore and aft, provlde WELD
compartmentation to the interior of the ship,

Bulkheads may be either structural or nonstruc- e

tural, Structural bulkheads, which tie the shell- -
plating, framing, and decks together, are capable

of withstanding fluid pressure; these bulkheads

usually provide watertight. .aompartmentation,
Nonstructural bulkheads are lighter; they are

used chiefly for separatlng actlvities aboard _ 147,23
ship. _ _ Figure 2-20,—~Pipe stanchion,

— ﬂ‘30.__

Figure 2-19.—Deck beam and frame,
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PRINCIPLES OF NAVAL ENGINEERING

Bulkheads consist of plating and reinforecing
beams. The reinforcing beams are known as
bulkhead stiffeners. Two types of bulkhead stif-
feners are shown in figure 2-21. Bulkhead
stiffeners are usually placed in the vertical
plane and aligned with deck longitudinals; the
stiffeners are secured at top and bottom to any
intermediate deck by brackets attached to deck
plating. The size of the stiffeners depends
upon their spacing, the height of the bulkhead,
-and the hydrostatic pressure which the bulkhead
is designed to withstand.

Bulkheads and bulkhead stiffeners must be
strong enough to resist excessive bending or
bulging in case of flooding in the compartments
which they bound. If too much deflection takes
place, some of the seams might fail.

In order to form watertight boundaries,
structural bulkheads must be joined to all
decks, shellplating, bulkheads, and other struc-
tural members with which they come incontact.
Main transverse bulkheads extend continuously
through the watertight volume of the ship, from
the keel to the main deck, and serve as flooding
boundaries in the event of damage below the
waterline, .

In general, naval ships are divided into as
many watertight compartments, both above and
below the waterline, as are compatible with the
missions and functions of the ships. The com-
partmentation provided by transverseand longi-
tudinal bulkheads is illustrated in the bow sec-
tion shown in figure 2-22,

- SHIP COMPARTMENTATION

Every space in a naval ship {except for
minor spaces such as peacoat lockers, linen
lockers, cleaning gear lockers, etc.) is consid-
ered as a compartment and is assigned an iden-
tifying letter-number symbol. This symbol is
marked on a label plate secured to the door,
hatch, or bulkhead of the compartment.

There are two systems of numbering com-
- partments, one for ships built prior to March
1949 and the other for ships built after March
1949, In both of these systems, compartments
on the port side end inan even number and those
on the starboard side end in an odd number. In
both systems, a zero precedes the deck number
for all levels above the main deck,

Figure 2-23 illustrates both systems of

numbering decks, The older System identifies -

decks by the numbers 100, 200, 300, etc., with
the number 900 always being used for the double

3

L~

mu)\
11.30(147)C

Figure 2-21.—Bulkhead stiffeners.

147,24
Figure 2-22,—Compartmentation provided by
- transverse and longitudinal bulkheads,

bottoms. In the newer system, decks are iden-
titied as 1, 2, 3, 4, etc., and the double bottoms
are given whatever number falls to them.
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Chapter 2-—-SHIP DESIGN AND CONSTRUCTION

SHIPS | SHIPS
BUILT | BUILT
BEFORE | AFTER
MARJ49 | MAR 49

MAIN DECK -

BOILER AND
MACHINERY SPACES

Figure 2-23.—Deck symbols fo:_- naval ships.

SHIPS BUILT BEFORE MARCH 1949

For ships built prior to March 1949, the first
letter of the identifying symbol is A, B, or C,
and indicates the section of the ship lnwhlch the
compartment is located. The A section extends
from the bow of the ship aftto the forward bulk-
head of the engineering spaces. The B section
includes the engineering spaces, while the C
section extends from the after bulkhead of the
engineering spaces aft to the stern., The divi-
sions of the ship are indicated in figure 2-24.
The lower half of the diagram shows the num-
bering of compartments, beginning at theforward
end of each section. The even numbers are on
the port side and the odd numbers are on the
starboard side,

After the division letter, the deck designation
comes next in the symbol. Main deck compart-
ments are indicated by numbers from 101 to 199,

SUPERSTRUCTURE~—

STERN

STARBOARD .
S 3.107
Figure 2-24.-Dlvlsions of a ship built prior to
March 1049.

3.108

Second deck compartments runfrom 201 through
299, third deck compartments forma 300 series,
etc. A zero preceding the number indicates a
location above the main deck. The double bot-
toms always form the 800 series on any ship

built before March 1949, regardless of the °

number of decks above,

The use of the compartments is indicated
by the following letters:

A—Supply and storage
C—Control
- E=Machinery
F—Fuel '
L-—Living quarters
M-~Ammunition
T-Trunks and passages
V-Voids
W=Water

C=-217--A

Supply compartment

Compartment number (starboard
side)

Second deck

After pa-rt of ship (C section)

' | | 147.25
Figure 2- 25.—Example of compartment symbol
on ship built prior to March 1949,
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PRINCIPLES OF NAVAL ENGINEERING

Letter

Type of compartment

Examples

FF

‘e

Stowage Bpaces . « « « 4+ o 4 4 4 o
Cargoholds., « v « ¢ ¢ ¢ ¢ ¢ s s

Control centers for ship and
fire-control operations
(normally manned),

Engineering control centers
(normally manned),

Oil stowage compartments (for
use by ship),

Oil stowage compartments
(cargo).

Gasoline stowage compartments
(use by ship),

Gasoline stowage compartments
{cargo).

Chemicals and dangerous mate-
rials (other than oil and gas-
oline),

Living!p&ce'...o..v..'...

Ammunition spaces, . . . . .,

Miscellaneous spaces not covered

by other letters.

Vertical access trunks . , K
Void compartments . ... ..

Water c,oi-npartn;epts o vl v e s

),
Lot

Storerooms; issue rooms; refrigerated

compartments,

Cargo holds and cargo refrigerated

compartments,

CIC room; plotting rooms, communi-
cation centers; radio, radar, and
sonar operating spaces; pilgt
house,

Main propulsion spaces; boiler
rooms; evaporator rooms; steering
gear rooms; auxiliary machinery
spaces; pumprooms; generator
rooms; switchboard rooms; wind-
lass rooms.

Fuel-o0il, diesel-oil, lubricating-
oil, and fog-oil compartments,

Compartments carrying various types
of oil as cargo. )

Gaoline> tanks, cofferdam:, trunks,
and pumprooms,

Gasoline compartments for carrying
gasoline as cargo.

Chemicals, semisafe materials, and
dangerous materials carried for
ship's use or as cargo.

Berthing and messing spaces; state-
rooms, washrooms, heads, brigs;
sickbays, hospital spaces; and
passageways,

Magazines; handling rooms; turrets;
gun mounts; shell rooms; ready
service rooms; clipping rooms,

Shops; offices; laundry;. galley; pan-
tries; unmanned engineering, elec-
trical, and electronic spaces,

Escape trunks or tubes,

Cofferdam compartments (other than
gasoline); void wing compartments;
wiring trunks,

" Drainage tanks; {resh water tanke;
peak tanks; reserve feed tanks,

Figure 2-26,—Compartment letters for ships butlt after March 1049,
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Chapter 2—-SHIP DESIGN AND CONSTRUCTION

An example of a compartment symbolon a
ship built prior to March 1949 is given in figure
2-25.

SHIPS BUILT AFTER MARCH 1949

For ships constructed after March 1949, the
compartment numbers consist of a deck num-
ber, frame number, relation to centerline of
ship, and letter showing useof the compartment.
These are separated by dashes. The A, B, C
divisional system 1is not used.

- The main deck is always numbered 1. The
first deck or horizontal division below the main
deck is numbered 2; the second below is num-
bered 3; etc., consecutively for subsequent
lower division boundaries. Where a compart-
ment extends down to the bottom of the ship,
the number assigned the bottom compartments
is used. The first horizontal division above the
main deck is numbered 01, the second above is
numbered 02, etc., consecutively, for subsequent
upper divisions. The deck number becomes the
first part of the compartment number and indi-
cates the vertical position within the ship.

The frame number at the foremost bulkhead
of the enclosing boundaryofacompartmentis its
frame location number. Where these forward
boundaries are between frames, the framenum-
ber forward is used. Fractional numbersarenot
used. The frame number becomes the second
part of the compartment number.

Compartments located so that the centerline

of the ship passes through them carry the num-
ber 0. Compartments located completely to
starboard of the centerline are given odd num-
bers and those completely to port of the center-
line are given even numbers. Where two or
_more compartments have the same deck and
~ frame number and are entirely to portor en-
tirely to starboard of the centerline, they have
consecutively higher odd or even numbers, as
the case may be, numbering from the centerline
outboard. In this case, the first compartment
outboard of the centerline to starboard is 1; the
second is 3, etc. Similarly, the first compart-
ment outboard of the centerline to port is 2;
the second 4, etc. When the centerline of the
ship passes through more than one compart-
ment, the compartment having that portion of
the forward bulkhead through which the center-
line of the ship passes carypies the number 0,
and the others carry the numbers 01, 02, 08,

etc., in any sequence found desirable. These -

numbers indicate the relation to the centerline,

3

29

and are the third part of the compartment
number,

The fourth and last part of the compartment
number is the capital letter which identifies
the assigned primary usage of the compart-
ment. A single capital letter is used, exceptthat
on dry and liquid cargo ships a double letter
designation is used to identify cumpartments
assigned to cargo carrying. The compartment
letters for ships built after March 1949 are
shown in figure 2-26. An example of a com-
partment symbol on a ship built after March
1949 is given in tigure 2-217.

3~75-~4-M

L_Ammunition compartment

Second compartment outboard of
the centerline to port

Forward boundary is on or im-
- mediately aft of frame 75

Third deck

. 147.27
Figure 2-27.—Example of compartment symbol
on ship built after March 1949.

GEOMETRY OF THE SHIP
Since a ship’s hull is a three-dimensional

object having length, breadth, and depth, and
since the hull has curved surfaces in each

' 23.191
Figure 2-28.—Transverse, horizontal, and ver-
tical planes.
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dimension, no single drawing of a ship can
give an accurate and complete representation
of the lines of the hull. In naval architecture,
a hull -shape is shown by means. of a lines
drawing (sometimes referred to merely as the
lines of the ship). The lines drawing consists
of three views or projections—a body. plan, a
half-breadth plan, and a sheer plan—which are
obtained by cutting the hull by transverse,
horizontal, and vertical planes (fig. 2-28). The
use of these three planes to produce the three
projections is {llustrated in figure 2-29,

147.28
Figure 2-29,~Half-breadth plan, body plan, and
sheer plan,

In addition to using transverse, horizontal,

. and vertical planes, ship designers frequently

use a set of planes known as diagonals. A
diagonal plane is fillustrated in figure 2-30,
As a rule, three diagonals are used; these are
identified as diagonal A; diagonidl B, and diag-
onal C. Diagonals are frequently shown as
projections on the body plan and on the half-

- breadth plan,

23.195
Figure 2-30._—Diagona1 plane,

APY HALP STATIONS 1 FORWARD MALF STATIONS

23,192
Figure 2-31.~Transverse planes and body plan.




0«’""' o
/ ‘y/_l,y‘

'Y ,D '../ ,E ué:l' 'l/ [ l

N G \\W / ' / 7 ‘/ o
e TN I
N N / \// f>< //
ENANY N
- g = N

S
NN

1 ||

\\‘

l
4

Y

147.29

Figure 2-32.—Body plan of a YTB.

' BODY PLAN

To visualize the projection known as the body
plan, we must imagine the ship’s hull cut
transversely in several places, as shown in
part A of figure 2-31, The shapeof a transverse
plane intersection of the hull is obtained at each
cut; when the resulting curves are projected
onto the body plan (part B offig. 2-31) they show
the changing shape of transverse sections of the
hull

. Since the hull is symmetrical about the
" centerline of the ship, only one-half of each
curve obtained by a transverse cut is shown on
the body plan. Each half curve is called a half
station. The right-hand side of the body plan
shows the forward half stations—that is, the
half  stations. resulting from transverse cuts
between the bow and the middle of the ship.
The left-hand side of the body plan shows the
aft half stations—that 1is, the half stations

resulting from transverse cuts between the
stern and the middle of the ship.

As may be inferred, a gtation is a complete
curve such as would be obtained if each trans-
verse cut were projected completely, rather
than as half a curve, onto the body plan. The
stations are numbered from forward to aft,
dividing the hull into equally spaced transverse
sections. The station where the forward end
of the designer’s waterline? and the stem
contour intersect is known as the forward
perpendicular, or station O, The station at the
Intersection of the stern contour and the de-
signer’s waterline is known as the after per-
pendicular. The station midway between the

. : . .

“The waterline at which the ship is designed to float
is known as the designer's waterline.
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WATERLINES

23.194

Figure 2-33.—Horizontal planes and haif-breadth plan,

forward and after perpendiculars is known as
the middle perpendicular,

An actual body plan for a YTB is shown in
figure 2-32. Note the projection of the dlagonals
on this body plan,

HALF-BREADTH PLAN

To visualize the half-breadth plan, we must
imagine the ship’s hull cut horizontally in
several places, as shown in part A of figure
2-33. The cuts are designated as wa waterlines,
although the ship could not possibly float at

many of these lnes. The base plane which.

serves as the point of origin for waterlines
is usually  the horizontal plane that coincides
with- the top of the flat keel. Waterlines are
designated according to their  distance above
the base plane"for example we. may have a

6-foot waterline, an 8-foot waterline, a 10-foot
waterline, and so forth,

The waterlines are projected onto the half-
breadth plan, as shown in part B of figure 2-33.
Since the hull is symmetrical, only half of the
waterlines are shown in the half-breadth plan.
Diagonals are frequently shown on the other half
of the half-breadth plan.

SHEER PLAN

To visualize the sheer plan, we must imagine
the ship’s hull cut vertically in several places,
as shown in part A of figure 2-34, The resultant
curves, known as buttocks or as bow and but-
tock lines, are projected onto the sheer plan,
‘as shown in part B of figure 2-34. The center-
line plane is designated as zero buttock. The
other buttocks are designated according totheir
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BUTTOCK LINE

. ' 23.193
Figure 2-34.—Vertical planes and sheer plan.

distance from zero buttock., The spacing of of the forward and after quarters of the
the vertical cuts is chosen to show the contours ship.
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CHAPTER3
STABILITYANDBUOYANCY

This chapter deals with the principles of
stability, stability curves, the inclining experi-
ment, effects of weight shifts and weight changes,
effects of loose water, longitudinal stability and
effects of trim, and causesof impajred stability.
The damage control aspects of stability are
discussed in chapter 4 of this text.

PRINCIPLES OF STABILITY

A floating body is acted upon by forces of
gravity and forces of buoyancy. The algebraic
sum of these forces must equal zero if equilib-
rium is to exist.

Any object exists in one of three states of
stability: stable, neutral, or unstable. We may
fllustrate these three states by placing three

.cones on a table top, as shown in figure 3-1,

When cone A is tipped so that its base is off
the horizontal plane, it tends, up to a certain
angle of inclination, to assume its original
position again, Cone A is thus an example of a
stable body--that 18, one which tries to attain
its original position through a specified range
of angles of inclination,

Cone B is an example of neutral stability.

When rotated, this cone may come to rest at"

any point, reachlng equilibrium at some angleof
inclination,

Cone C, balanced upon its apex, isan example
of an unstable body. Following any slight in-
clination by an external force, the body will
come to rest in a new position where it will
be more stable.

From Archimedes’ law, we know that an
object floating on or submerged in a fluid is

buoyed up by a force.equal to the weight of the.

fluid it displaces. The weight (displacement)
of a ship depends upon the weight of all parts,
equipment, stores, and personnel. This total
weight represents the effect of gravitational
force. When a ship is floated, she. sinks into

the water until the weight of the fluid displaced
by her underwater volume is equal to the weight
of the ship. At this point, the ship is in equilib-

rium—that is, the forces of gravity (G) and

the forces of buoyancy (B) are equal, and the
algebraic sum of all forces acting upon the ship
is equal to zero. This condition is shown in
part A of figure 3-2, If the underwater volume
of the ship is not sufficient to displace an
amount of fluid equal to the weight of the ship,
the ship will sink (part B of fig. 3-2) because
the forces of gravity are greater than the
forces of buoyancy.

The depth to which a ship will sink when
floated in water depends upon the density of
the water, since the density affects the weight
per unit volume of a fluid. Thus we may expect
a ship to have a deeper draft in fresh water
than in . salt water, since fresh water is less
dense (and therefore less buoyant} than salt
water,

Although gravitational forces act everywhere
upon the ship, it is not necessary to attempt to
consider these forces separately. Instead, we

Jmayregard tne total force of gravityasa single
- resultant or composite force which acts verti-

cally downward through the ship’s center of
gravity (G). Similarly, the force of buoyancy
may be regarded as a single resultant force
which acts vert)ically upward through the center
of buoyanc ;;(B located at the geometric center
of the ship’s underwater body. When a ship is
at rest in calm water, the center of gravity
and the center of buoyancy lie on the same
vertical line.

DISPLACEMENT

Since weight (W) is equal to the displacement,
it 1s possible tomeasure the volume of the under-

"_water body (V) in cubic feet and multiply this

volume by the weight of a cubic foot of sea
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147.30

Figure 3-1.—Three states of stability.

3 WATERLINF
®
ok
1417.31

Figure 3-2,~Interaction of force of gravity
- and force of buoyancy.

water, in order to find what the ship weighs.

This relationship may be written as:

(1) w=vx 1
35

(2) V= 35w
where

V = volume of displaced sea water, in
cubic feet

W = weight, in tons

35 = cubic feet of sea water per ton
(When dealing with ships, it is cus-
tomary to use the long ton of 2240

It is also obvious, then, that displacement
"will vary with draft, As the draft increases,
the displacement increases. This s indicatedin
figure 3-3 by a series of displacements shown

for successive draft lines onthe midship section

of a cruiser.

'7. 40

The volume of an underwater bodyfora given
draft line can be measured in the drafting room
by using graphic or mathematical means. This
is done for a series of drafts throughou: the
probable range of displacements in which a ship
is likely to operate. The values obtained are
plotted on a grid on which feet of draft are mea-
sured vertically and tons of displacement hori-
zontally, A smooth line is faired through the
points plotted, providing a curve of displacement
versus draft, or a displacement curve as it is
generally called. The result is shown In figure
3-4 for a cruiser.

To use the curve shown in figure 3-4 for
finding the displacement when the draft isgiven,
locate the value of the mean draft on the draft
scale at left and proceed horizontally across
the diagram to the curve. Then drop vertically
downward and read the displacement from the
scale, For example, if the mean draft is 24 feet,
the displacement found from the curve is ap-
proximately 14,700 tons.

KB VERSUS DRAFT

As the draftincreases, the center of buoyancy
(B) rises with respect to the keel (K), Figure
3-5 shows how different drafts- result in dif-

_ferent values of KB, the height of the center of

buoyancy from the keel (K). A series of values
for KB is obtained and these values are plotted
on a curve to show KB versus draft. Figure 3-6
fllustrates a typical KB curve.

To read KB when the draft is known, start
at the proper value of draft on the scale at the
left and proceed horizontally to the curve.
The:)n drop vertically downward to the baseline
(KB

Thus, if a ship were floating at 2 mean draft

"~ of 19 feet, the KB found from the chart would

be approximately 10.5 feet.

WATERLINE 4 ‘ DISPLACEMENT
28 FEET . 17,900 TONS

" 24 FEET _ 14,800 TONS
20 FEET ¥ 11,800 TONS

_16 FEEY < 8,800 TONS
.12 FEET 5,900 TONS
4

‘ : ' 8.45
Figure 3-3.—Displacement data,
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.Figure 3-4,—Displacement curve of a cruiser.

RESERVE BUOYANCY

The volume of the watertight portion of the
ship above the waterline is known as the ship’s
reserve buoyancy. Freeboard, a rough measure
of the reserve buoyancy, is the distance in feet
from the waterline to the main deck. Freeboard
is calculated at the midship section. As indicated
in figure 3-7, freeboard plus draft is’ edual to
the depth of the hull in feet.

When weight is added to a ship, draft and
displacement increase in the same amount that
freeboard and reserve buoyancy decrease. Re-
serve buoyancy is an important factor in a
ship’s ability to survive flooding due to damage.
It -also contributes to the seaworthinesss of the
ship in very rough weather,

INCLINING MOMENTS

. The moment of a force is the tendencyof the
force to produce rotation or to move an object
about an axis, The distance ?Ken the point

e axis ef ro-
rm or the lever
. ue of a moment,
we multiply the magnitude of tlfé@rce’ by the

oy,

17he stgniﬁcance of the distanc’e‘“between the forg&

and the axis of rotation may be seen if we conside
a simple see-waw. If two persons of equal weight sit
on opposite ‘ends, equally distant from the center

o

distance between the force and the axis of ro-
tation. The magnitude of the force is expressed
in some unit of weight (pounds, tons, etc.) and
the distance is expressed in some unit of length
(inches, feet, etc.); hence the unit of themoment -
is the foot-pound, the foot-ton, or some simflar
unit.

When two forces of equal magnitude act in
opposite and parallel directions and are sepa-
rated by a perpendicular distance, they form a
couple. The moment of a couple is found by

ultiplying the magnitude of one of the forces
by the perpendicular distance between the lines
of action of the two forces.

When a disturbing force exerts an inclining
moment on a ship, causing the ship to heel over
to some angle, there is a change in the shape
of the ship’s underwater body and a consequent
relocation of the center of buoyancy. Because
of this shift in the locaticn of B, B and G no
longer act In the sanie vertical line. Instead
of acting as separate equal and opposite forces,
B and.G now form a couple.

The newly formed couple produces either a
?ighﬁ-lng moment or an upsetting moment, de-
pending upon the relative locations of B and G.
The ship illustrated in figure 3-8 develops a

support, the see-saw balances. But if one person
moves closer to or farther away from the center,
the person farthest away from the support moves
downward because the effect of his Weight is greater.

36
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RM = W x GZ

where

" RM = righting moment ( in foot-tons)

L maked adamd

F r ' W = displacement (in tons)
- 24 FOOT WATERLINE GZ = righting arm (in feet)
g ' 20 FCOT WATERLINE
4 | - 16 FOOT WATERLINE For example, a ship which displaces 10,000
F 820 EB 24 _ tons and has a 2-foot righting arm at a certain
) 816 angle of inclination has a righting moment of
10,000 tons times 2 feet, or 20,000 foot-tons,
n BASE LINE This 20,000 foot-tons represents the moment
. : which in this instance tends to return the ship
_ 8.50 to an upright position.
ﬁ Figure 3-5.—Successive centers of buoyancy Figure 3-9 shows the development of an up-
o - (B) for different drafts. setting moment resulting from the inclination

of an unstable ship. In this case, it is apparent
that the high location of G and the new location
of B contribute to the development of an up-

34 setting moment rather than a righting moment,
32 THE METACENTER (M) =
30 ' . ¥
A ship’s metacenter is the intersection of 5
28 |- two successive lines of action of the force of 4
£ : buoyancy as the ship heels through a very small j{
g 26 & angle. Figure 3-10 shows two lines of buoyant -
24 0‘,9*' force. One of these represents the ship on an o
g d’ﬁ even keel, the other is for a small angle of 3
E 22 I heel. The point where they intersect is the 5}
I:'. o*“‘f/ initial position of the metacenter. When the 31
4 2 0(05 : angle of heel is greater than the angle used to o
v 8 & . - compute the metacenter, M moves off the cen- i
5 c&‘i‘ ' ' terline and the path of movement is a curve. 1
d 6 However, it is the initial position of the met- &
3 acenter that is most useful in the study of il
14 . stability. In the discussion which follows, the
::_'_X;

KB~ FEET

. 8.51
Figure 3-6.—KB curve.

righting moment, the magnitude of which is
equal to the magnitude of one of the forces (B
or G) times the perpendicular distance (GZ)
which separates the lines of actiorof theforces.

' 8.41
The distance GZ is known as the righting arm Figure 3-7.—Reserve buoyancy, freeboard,

of the ship. Mathematically, draft, and depth of hull,

42 87
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DIRECTION OF
ANGLE RIGHTING MOMENT
OF
HEEL
‘ | oty
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FORCE OF GRAVITY

' 8.52
Figure 3-8.—Development of righting mo-
‘ ment when a stable ship inclines.

{ ) IJ\ C
ORCE OF BUOYANCY
DIRECTION OF
_ UPSETTING
ANGLE MOMENT
oF
HEEL
‘
== . E
FORCE OF GRAVITY
8.53

Figure 3-9.—Development of upsetting mo-
ment when unstable ship inclines.

initial position 18 referred to as M, Thedistance
from the center of buoyancy (B) to the meta-

metacentric radius.
METACENTRIC HEIGHT (GM)

The distance from the ce:t r of gravity (G)
to the metacenter is known as the ship’s met-

| acentric height (GM). Figure 8-11 shows a
ship heeled through a small angle (the angle

e L m

center (M) when the ship is on even keel is the

is exaggerated in the drawing), establishing a
metacenter at M. The ship’s righting arm GZ
is one side of the triangle GZM. In this triangle
GZM, the angle of heel is at M. The side GM
is perpendicular to the waterline at even keel,
and ZM is perpendicular to the waterline when
the ship is inclined.

It is evident that for any angle of heel not
greater than 7°, there will be a definite rela-
tionship between GM and GZ because GZ=GM
sin §. Thus, GM acts as a measure of GZ, the
righting arm.

GM 1s also an indication of whether the ship
is stable or unstable at small angles of inclina-
tion. If M is above G, the metacentric height
is positive, the moments which develop when
the ship is inclined are righting moments, and
the ship is stable (part A of fig. 3-11), But if
M is below G, the metacentric heightis negative,
the moments which develop are upsetting mo-

ment)s, and the ship is unstable (part B of fig.
3-11 [] .

INFLUENCE OF METACENTRIC HEIGHT

When the metacentric height of a ship is
large, the righting arms that develop at small
angles of heel are also large. Such a ship re-
sists roll and is sald to be stiff. When the

|

ANGLE OF HEEL
IS EXAGGERATED )

WATERLINE
UPRIGHT

=5 = WATERLINE
= nf ¢ = INCLINED
= = TOA VERY
== SMALL
\* =Z ANGLE
BUOYANT FORCE 3 BUOYANT FORCE
UPRIGHT INCLINED
8.54

Figure 3-10.—The metacenter.
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Figure 3-11.—(A) Stable condition, G is below
M. (B) Unstable condition, G is above M.

metacentric height is small, the righting arms
are also small. Such a ship rolls slowly and is
said to be tender. Some GM values for various
naval ships are: CLs, 3 to 3 Teet; CAS8,4to 6
feet; DDs, 3 to 4 feet; DEs, 3tp § feet; and AKs,
1 to 6 feet.

Large GM and large righting arms are de-
sirable for resistance to the flooding effects of

-3

damage. However, a smaller GM is sometimes
desirable for the slow, easy roll which makes for
more accurate gunfire. Thus the GM value for
a naval ship is the result of compromise,

STABILITY CURVES

When a series of values for GZ at successive
angles of heel are plotted on a graph, the result

is a stability curve. The stability curve shown in
figure 3-12 is called a curve of static stability.
The word static indicates that itisnot necessary
for the ship to be in motion for the curve to
apply; if the ship were momentarily stopped at
any angle during its roll, the Xa.lue of GZ given
by the curve would still apply.

To understand the stability curve, itisneces-
sary to consider the following facts:

1, The ship’s center of gravity does not
change position as the angle of heel is changed.

2. The ship’s center of buoyancy is always
at the center of the ship’s underwater hull.

3. The shape of the ship’s underwater hull
changes as the angle of heel changes,

Putting these facts together, we see that the
position of G remains constant as the ship heels
through various angles, but the position of B

- changes according to the angle of inclination, .

Initial stability increases with increasing angle
of heel at an almost constant rate; but at large
angles the increase in GZ begins tolevel off and
gradually diminishes, becoming zero at very
large angles of heel,

EFFECT OF DRAFT ON RIGHTING ARM

A change in displacement will result in a
change of draft and freeboard; and B will shift
to the geometric center of the new underwater
body. At any angle of inclination, a change in
draft causes B to shift both horizontally and
vertically with respect to the waterline. The
horizontal shift in B changes the distance be-
tween B and G, and thereby changes the length
of the righting arm, GZ. Thus, when draft is
increased, the righting arms are reduced
throughout the entire range of stability. Figure
3-13 shows how the righting arm is reduced

2Destgn engineers usuallx use GM values as a measure
of stability up to about 7° heel. For angles beyond 7°,
a stability ourve is used,
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Figure 3-13.—Effect of draft on righting arm.
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when the draft is increased from 18 feet to 26
feet, when the ship is inclined at anangle of 20°,
At smaller angles up to 30° certain hull types
show flat or slightly increasing righting arm
values with an increase in displacement,

A reduction in the size of the righting arm
usually means a decrease in stability. When the
reduction in GZ is caused by increased dis-
placement, however, the total effect on stability
is more difficult to evaluate. Since the righting
moment is equal to W times GZ, the righting
moment will be increased by the gain in W at
the same time that it is decreasedbythe reduc-
tion in GZ, The gain in the righting moment,
caused by the gain in W, does not necessarily
compensate for the reduction in G2,

In brief, there are several ways in which an

increase in displacement affects the stability of

a ship. Although these effects occur at the same
time, it is best to consider them separately.
The effects of increased displacementare:

1. Righting arms (GZ) are decreased as a
result of increased draft.

. 2, Righting moments (foot-tons) are de-
creased as a result of decreased GZ (fora given
displacement).

3. Righting moments may be increased as a

-result of the increased displacement (W), if

(GZ x W) is increased.
CROSS CURVES OF STABILITY

To facilitate stability calculations, the design
activity inclines a lines drawing of the ship at a
given angle, and then lays off on it a series of
waterlines. These waterlines are chosen at
evenly spaced drafts throughout the probable
range of displacements. For each waterline the
value of the righting arm is calculated, usingan
assumed center of gravity rather than the true
center of gravity. A series of such calculations
is made for various angles of heel—usually 10,
20° 30° 40° 50° 60° 70° 80° and 90°-and the

~results are plotted on a grid to forma series of

curves known as the cross curves of stability
(fig. 3-14), Note that, as draft and displacement
increase, the curves all slope downward, indi-
"cating increasingly smaller righting arms.

The cross curves are used inithe preparation
of stability curves. To take a stability curve
from the cross curves, a vertical line (such as
line MN in fig. 3-14) is drawn on the cross curve
sheet at the displacement which corresponds to
the mean draft of the ship. At the.intersection of

. 46
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this vertical line with each c¢ross curve, the
corresponding value of the righting arm on the
vertical scale at the left can be read. Then this
value of the righting arm at the corresponding
angle of heel is plotted on the grid for the sta-
bility curve. When a series of suchvalues of the
righting arms from 10°through 90° of heel have
been plotted, a smooth line is drawn through
them and the uncorrected stability curve forthe
ship at that particular displacement is obtained.
The curve is not corrected for the actual height
of the ship’s center of gravity, since the cross
curves are based on an assumed height of G.
However, the stability curve does embody the
effect on the righting arm of the freeboard for
a given position of the center of gravity.

Figure 3-15 shows an uncorrected stability
curve (A) for the ship operating at 11,500 tons
displacement, taken from the cross curves
shown in figure 3-14. This stability curve can=-
not be used in its present form, since the cross
curves are made up on the basis of an agsumed
center of gravity. In actual operation, the ship’s
condition of loading will affect its displacement
and, therefore, the location of G. Touse a curve
taken from the cross curves, therefore, it is
necessary to correct the curve for the actual
height of G above the keel (K)=that is, itis

necessary to use the distance KG. As far as the .

new center of gravity is concerned, when a
weight is added to a system of weights, the
center of gravity can be found by taking moments
"of the old system plus that of the new weight and
dividing this total moment by the total final

weight. Detailed information concerning changes
in the center of gravity of a ship can be obtained

from chapter 9880 of the Naval Ships Technical

Manual,

Assume that the cross curves are made up

on the basis of anassumed KG of 20 feet, and the

actual KG, which includes the added effects of

Free Surface, for the particular condition of

loading, is 24 feet. This means that the true G

is 4 feet higher thantheassumedG, and that the

righting arm (GZ) at each angle of inclination

will be smaller than the righting arm shown in

figure 3-15 (curve A) for the same angle. To

find the new value of GZ for each angle of

inclination, the increase in KG (4 feet) is multi-

plied by the sine of the angle of inclination, and

the product {8 subtracted from the value of GZ

shown on the cross curves or ontheuncorrected

stability curve. In order tofacilitate the correc-

tion of the stability curves, a table showing the

necessary sgines of the angles of inclination is
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Flgure 3-14,—Cross curves of stability.

im;luded on the cross curves form (flg. 3-
14

Next, the corrected values of GZ for the

various angles of heel shown on the stability

" curve (A) In figure $-15 should be found and

plotted on the same grid to make the corrected
stability curve (B) shown in figure 3-15.

When the values from 10° through 80° are
plotted on the grid and joined with a smooth
curve, the corrected stability .curve (B) shown
in figure S- ts. The corrected curve
shows maximum stablllty to be at 40%
shows that an upsetting aiih, rather than a
righting arm, generally exists at a.nglee of heel
in excess of 7%°.

o

it also .
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THE INCLINING EXPERIMENT

The vertical location of the center of gravity
must be known in order todetermine the stability
characteristics of a ship. Although the position
of the center of gravity as estimatedby calcula-
tion is sufficient for design purposes, an accu-
rate determination is required to establish the
ship’s stability. Therefore, an inclining experi-
ment is performed to obtain a precise measure-
ment of KG, the vertical height of G above the
keep (base llne), when the ship is completed.
An Inclining experiment consists of moving one
or more large weights across the ship and
measuring. the angle of list produced. (See fig.
3-18). This angle of list, produced by the weight
movement and measured by means of apendulum
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Figure 3-15.—(A) Uncorrected stability curve
taken from cross curves. (B) Corrected sta-
bility curve.

and a horizontal battenor an lncllnometex: device
designed for this purpose, usually does not ex-
ceed two degrees. The metacentric height is

calculated from the formula
' _ ad
GM * Wtan []
.where

w= inclining weight, in tons

in feet

d = distance weight is moved athwartships,

W= displacement of ship, including weightw,
in tons

tan #= tangent of angle of list

The results of this experiment are calculated
and tabulated in the Inclining Experiment Data
Booklets, which consist of two parts. Part I,

Report of Inclining E eriment, contains the
observations mmﬁ%ﬁtdetermmethe .

displacement and location of the center of gravity
of the ship in the light condition. Part 2, Stabul;!
Data for surface ships and Stability and Equi-
librium Data for submarines, contains data
relative to the characteristics of the ship in
operating condition, These booklet# are prepared

by the inclining activity, and Part 2'is issued to _

the ships for their information.

‘The KG obtained from the inclining experi- .

ment i8s accurate for the particular condition of

. 48

loading in which the ship was inclined, This is
known as Condition A, or the ‘“As-Inclined’’
condition, The ship may have been in any condi-
tion of loading at the time of the experiment,
and this may not have been in operating condi-
tion. In order to convert the data thus obtained
to practical use, KG must be determined for
various operating conditions., The standardload-
ing conditions as found in the Inclining Experi-
ment Data Booklets are as follows:

Condition A—Light ship

Condltlgn Al--Light, without permanent bal-
last

Condition B—Minimum operating condjtion?

Condition C—Optimum battle conditiond

Condition D—Full load

Other special conditions, including special
low stability operating conditions, conditions of
light load with water ballast, and similar condi-
tions may be included.

Condition A--Light Condition assumes (nat
the ship is complete and in all respects ready
for sea, but with no load aboard—no fuel oil,
stores, crew and effects, ammunition, water,
gasoline, JP-5, or water or oil in machinery.
Although not an operating condition, Condition A
is the basic condition from which other condi-
tions are calculated.

After obtaining the displacement and locatlng
the center of gravity for the ship in Condition A,
corresponding values may be computed for other
standard conditions of loading. The weights and
vertical moments of all consumables to go
aboard are determined and, starting with the
displacement and KG for Condition A, a new
displacement, KG, and GM are calculated for
each of the other condltlons of loading. The GM
thus obtained is in each case corrected for the

. Iree surface assumed to exist inthe ship’s tanks

for that particular condition of loading. (Free
surface is discussed later in this chapter.)

Having determined displacement and KG, it
is possible to draw a curve of stability for each
condition of load. Additional information con-
cerning inclining experiment data can be ob-
tained from chapters 8290 and 9880 of the Naval
Shlps Technlcal Manual

'rhls condltton is usted only when ships have perma=

4For ships without underwater defense systems,
5 .
For ships with underwater defense systems,
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TAN 6=TANGENT OF ANGLE OF LIST =-%.

PENDULUM

S

147,32
Figure 3-16,—Measuring the angle of list pro-
duced in performing the inclining experiment,

EFFECTS OF WEIGHT SHIFTS

If one weight in a system of weights is moved,
the center of gravity of the whole system moves
along a path parallel to the path of the compo-
nent weight. The distance thatthe center of grav-

ity of the system moves may be calculatedfrom
the formula,

where
w = component weight, in tons

8 = distance component weight is moved, in
feet

W=weight of entire system, in tons

GG1- fshlft in. center of gravity of system, in
ee . _ i

Welght moveménts .in a ship can take place
in three possible directions—athwartships, fore
and aft, and vertically. (perpendicular to the
decks). The most general type of movement is

inclined with respect to all three of these. Such.

« 49

a diagonal movement can be divided into com-
ponents in each of the three directions, and one
component can be studied at a time without ref-
erence to the others, For example, if a weight
is moved from the main deck, starboard side,
aft, to a storeroom on the 4th deck, port side,
forward, this movement may be regarded as
taking place in three steps, as follows:

1, from main deck to 4th deck (down)

2, from starboard side to port side (across)

3. from stern to bow (forward)

VERTICAL WEIGHT SHIFT

If a weight is moved straight up a vertical
distance on a ship, the ship’s center of gravity
will move straight up on the centerline (fig.
3-17), The vertical rise in G (explained later
in the chapter) can be computed from the for- -
mula mentioned previously.

Example: A ship is operating with a dis-
placement of 11,500 tons. Her ammunition,
totaling 670 tons, is to be moved from the
magazines to the main deck, a distance of 36
feet. Find the rise in G,

_ 870 x36 _

. ond
PLATFORM

147.33
Figure 3-17.=Shift in G due to vertlcal weight
shift,
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Since moving a weight which is already aboard
will cause no change in displacement, there can
be no change in M, the metacenter. If M re-
mains fixed, then the upward movement of the
center of gravity results in aloss of metacentric
height: ‘

GlM =GM - GGl
where

GyM = new metacentric height (after weight
- movement), in feet

GM = old metacentric height (béfore weight
movement), in feet

GG) = rise in center of gravity, in feet

If the ammunition on the main deck is moved
down to the 6th deck, the positions of G and G

will be reversed. The shift in G can be found -

from the same formula as before, the only dif-
ference being that GG} now becomes a gain in

- metacentric height instead of a loss (fig. 3-18).

- If a weight is moved vertically downward, the
ship’s center of gravity, G, will move straight
down on the centerline and the correction is addi-
tive. In this case the sine curve isplotted below
the abscissa, The final stability curve is that
portion of the curve above the sine correction
curve,

A vertical shift in the shlp’s center of gravity
changes every rightingarm throughout the entire
range of stability. If the ship is at any angle of
heel, such as § in figure 3-18, the righting arm
is GZ with the center of gravity at G. But if the
center of gravity shifts to Gy as the result of a
vertical weight shift upward, the righting arm
becomes G424, which is smaller than GZ bythe
amount of 16!% In the right triangle GRGy, the
angle of heel is at Gj; hence the loss of the
righting arm may be found from

GR =GGp x sin ¢

This equation may be stated in words as: The
loss of righting arm equalsthe rige in the center
of gravity times the sine of the angle of heel. The
sine of the angle of heel is a ratio which can be
‘found by consulting a table, of sings.

If the loss of GZ is found for 10°, 20°, 30°,
and so forth by multiplying GGy by the sine of
the proper angle, a curve of loss of rlghtlng
arms can be obtained by plottlng values of

GG, x sin ¢ vertically against angles of heel
horlzontally, which results in asine curve. When
plotted, the curve isasillustratedin figure 3-19,

The sine curve may be superimposed on the
original stability curve to show the effect on
stability characteristics of moving the weight up
in a ship. Inasmuch as displacement is un-
changed, the righting arms of the old curve need
be corrected for the change of G only, and no
other variation occurs. Consequently, if GGy x
sin ¢ is deducted from each GZ on old stabulty
curve, the result will be a correct righting arm
curve for the ship after the weight movement.

In figure 3-20 a sine curve has been super-
imposed on an original stability curve. The dotted
area is that portion of the curve which was lost
due to moving the weight up, whereas the lined
area is the remaining or residual portion of the
curve. The residual maximum rlghtlng arm is
AB and occurs at an angle of about 37°, The new
range of stability is from 0°to 5§3°

The reduced stability of the new curve be-
comes more evident if the intercepted distances
between the old GZ curve and the sine curve are
transferred down to the base, thus forming a
new curve of static stability (fig. 3-21). Where
the old righting arm at 30° was AB, the new one
has a value of CB, which is plotted up from the
base to locate point | D (CB = AD)and thus a point
is established at 30° on the new curve. A series
of points thus obtained by transferring inter-
cepted distances down to the baseline delineates
the new curve, whichmay be analyzed as follows:

GM is now the. quantity represented by EF.

Maximum righting arm is now the quantity

represented by HI.

Angle at whlch maximum rlghtlng arm oc-
curs is 37°

Range of stability is from 0° to 53°,

Total dynamic stabulty is representedby the
shaded area.

HORIZONTAL WEIGHT SHIFT

When the ship is upright, G lies in the fore
and aft centerline, and all weights on board are
balanéed. Moving any weight horizontally will
result in a shift in G in an athwartship direc-

tion, parallel to the weight movement. Band G -

are no longer in the same vertical line and an
upsetting moment exists at 0° inclination, which
will cause the ship to heel until B moves under
the new position of G.In calm water the ship will
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| 147.34
Figure 3-18.~L.088 of righting arm due to rise in center of gravity.
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Figure 3-19,—Sine curve showing the loss of righting arm at various angles of heel. i
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: |
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Figure 3-20.~Sine curve superimposed on original stability curve. i
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Figure 3-21.~Curve of static stability as corrected for loss of

stability due to a vertical weight shift,

remain at this angle and in a seaway it will
roll about this angle of permanent list. This
shift of G can be computed from the formula

d
G.G.= ¥4
12Ty

where o ;
GGy = athwartship shift'of G, in feet

w= weight moved over, in tons
d = distance w moved, in feet’
w = displacement of ship, in tons

| N

Going back to our original problem, let us
further assume that ship’s stores totaling 185
tons are shifted from port storerooms to star-
board storerooms, a horizontal distance of
56 feet. Using the formula:

-_185x56 _
G1G2 ~11.500 11,500 0.90 foot

In figure 3-22 the righting arm has been re-
duced from Gy Z4 to G2Z2 by this weight shift.
G222 is smaller than G1Z}. However, the dis-

-tance GiT 1s equal to G1G2 x cos . Thus, the
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Seactssssseisastestoresssesssages

Figure 3-22.-Loss of righting arm when center of gravity is
moved off the center line,

loss of righting arm involved in an athwartship
movement of G 18 equal at any angle i heel to
G1G2 x cos #. This variable distar:z: (G1G2 x
cos § ) 1s called the ship’s incliniviy arin; when
this value is multiplied by the Gi:;iplacement,

W, the product is the ship’s inclining moment.

The expression G1T = G1G2 X cosd may be
stated as: The inclining arm is equal to the
athwartship shift in the center of gravity times
the cosine of the angle of heel. The cosine of
the angle of heel 18 a ratio which can be found
by consulting a table of cogines. If the inclining
arm is.computed for 10, 20°, 30° etc. by
multiplying G1G2 by the cosine of the proper
angle, a curve of inclining arms can beobtained
by plotting values of G1G2 x cosg vertically
against angles of heel horizontally, which re-
sults in a cosine curve. Note that the cosine
curve (fig. 3-23) is just the opposite of the sine
curve (fig. 3-20) but is .otherwise identical in
shape. ’

Just as the sine curve was superimposed
on the GZ curve, so may the cosine curve be

. 53

superimposed on the stability curve to show the
effect on stability of moving a weight athwart-
ship. The cosine curve has been placed on the
original stability curve, corrected forthe actual
height of the center of gravity. The dotted area
(fig. 3-23) is that portion of the curvewhich was
lost due to the weight shift, and the lined area
is the remaining or residual portion of the curve.
The residual maximum righting arm }s AB
which develops at an angle of about 37 . The
new range of stability is from 20° to 50°.

The new curve of static stability can be
plotted on the base by transferring down the
intercepted distances between the cosine curve
and the old GZ curve. For example, in figure
3-24 the old righting arm at 37° was AD, the
loss of righting arm (inclining arm) at this
angle is AC, leaving a residual GZ of CD. This
value has been plotted up from the base as AB
to provide one point on the final curve. The
residual stability may be analyzed on the new
curve as follows:
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1. Maximum righting arm AB,

2. Angle of maximum . righting arm at A,

3. Range of stability 20° to 50°,

4, Total dynamic stability is represented
by the lined area.

The ship will have a permanent list at 20°
which is the angle where B 18 under G, inclining
arm equals original righting arm, cosfitie curve
crosses original GZ curve, and residual right-
ing arm is zero. In a seaway the ship will roll
about this angle of list. If it rolls farther to the
listed side, a righting moment develops which
tends to return it toward the angle of list. If
it rolls back towards the upright, an upsetting
moment develops which tends to return it to-
ward the angle of list. The upsetting moment
(between 0° and the angle of list) is the differ-
ence between the inclining and righting moments.

DIAGONAL WEIGHT SHIFT

A weight may be shifted diagonally, so that
it moves up or down and athwartship at the
same time, or by moving one weight up or down
and another athwartship. A diagonal shift should
be treated in two steps; first by finding the ef-
fect on GM and stability of the vertical shift,
and second, by finding the effect of the hori-
zontal movement. The corrections are applied
as previously described,

EFFECTS OF WEIGHT CHANGES

The additional removal of any weight in a
ship may affect list, trim, draft, displacement,

RIGHTING AND
INCLINING ARM

Al

and stability. Regardless of where the weight
is added (or removed), when determining the
various effects it should be considered first
to be placed in the center of the ship, then
moved up (or down) to its final height, next
moved outboard to its final off-center location,
and finally shifted to its fore or aft position.

Assume that a weight is added to a ship so

- that the list or trim is not changed, and G will

not shift. The first thing to do is find the new
displacement, which is the old displacement
plus the added weight: '

New displacement = W 4+ w tons

. where

W = old displacement (tons)
w = added weight (tons)

. With the new value of displacement, enter the

ANGLE OF HEEL IN DEGREES

Figure 3-23.-0_061ne’ curve superimposed on oﬂginal stability curve.

.

™"
I

49

curves of form and on the displacement curve
find the corresponding draft, which is the new
mean draft, Figure 3-25 showstypicaldisplace-
ment and other curves generally referred to
as curves of form,

If the change in draft is not over 1 foot, the
procedure can be reversed. Find the tons-per-

inch immersion for the old mean draft from

the curves of form, divide the added weight
(in tons) by the tons-per-inch immersion in
order to get the bodily sinkage in inches, and
add this bodily sinkage to the old mean draft
to get the new mean draft. Using the new mean
draft, enter the curves of form and find the
new displacement.

RIGHTING ARM CURVE

¢

147.39
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2 INCLINING ARM CURVE

RIGHTING ARM
IN FEET

UPSETTING ARM
IN FEET
U
-

Figure 3-24.—-New curve of static stability after correction for horizontal weight movement.

VERTICAL WEIGHT CHANGES

Assume that the weightadded above is shifted
vertically on the ship’s centerline to its final
height above the keel. This movement will
cause G to shift up or down. To compute the
vertical shift of G use the formula

GGy = W2
Ws+w
where
GG) = shift of G up or down, in feet
w = added weight, in tons
2z = vertical distance w is added above

or below original location of G, in
feet .
W = old displacement, in tons
(W+ w) = new displacement, in tons

This vertical shift must be added to or sub-
tracted from the original height of the center
of gravity above the keel. :

To do this, the original height KG must be
known: )

KG) =KG +GG)
where : . = '

KG) = new height of G above keel: (in feet)
KG = old height of ‘G above keel ( in feet)

. 55

OLD RIGHTING ARM CURVE

50

// : ANGLE OF HEEL IN DEGREES

147.40

GG) = shift of G from formula GG1 = vz
(W+ w)

If the final position of the added weight is
below the original position of G, then GG) is
minus; if it is above, then GG; is plus.

To find the new metacentric height, enter
the curves of form with the new mean draft
and find the height of the transverse meta-
center above the ‘base line. This i3 KM,). The
new metacentric height is determined by the
formula,

GiM) = KM)] - KG1
where

G)M)= new metacentric height (In feet)
KM) = new KM
KG) = new KG

With the new displacement (W + w), enter
the cross curves and pickoutanew, uncorrected
curve of stability. Correct this curve for the
new height of the ship’s center of gravity above
the base line. This is accomplished by finding
AG] (which is KG] minus KA) and subtracting
AG) x sin § from every vertical on the stability
curve, provided G] is above A. If G1 is below
A, the values of AG) X sin § must be added to
the curve, as previously explained. The result-
ing curve of righting arms is now correct for
the loss of freeboard due to the added weight
-and for the final height of the ship’s center of
gravity resulting from weight addition.
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Example: Add four gun mounts topside to a
ship with the curves of form shown in figure
3-25. Assume an initial KG of 24.5 feet. Assume
that the gun mounts weigh 28 tons each and that
their center of gravity is located 48 feet above
the keel. What is the effect on stability?

1. New displacement= W+ w= 11,500+ (4 x
28) =11,612 tons.

2. New mean draft =19.7 feet (fig. 3-25).

wZ
W+w

3. GGI =

w=4 x 28 =112 tons
z = 48 -— 24-5 =23-5 feet

_ 112 x 23.5

4. KGy = 24.50 +0.23 = 24.73 feet.
'8, New KM, = 28.4 feet (tig. 3-25).

- 6. New GyM; =KM; — KGj=28.4 — 24.7=
3.7 feet.

7. The values for the angles (0°— 70°) are

taken from the cross curves for 11,612
tons displacement (fig. 3-14). KA is 20 feet.
Corrections are made for AGy x 8iné =
(24.73 — 20) gind = 4.73 8iné. The correc-
tions are applied to the curve (fig. 3-26)
as previously explained. Figure 38-28
shows the curve of righting arms cor-
rected for weight addition.

HORIZONTAL WEIGHT CHANGES

In the previous example of weight addition,
suppose the gun mounts are located with their
center of gravity 20 feet to starboard of the
centerline and the weight is moved athwartship
to its final off-center location. The shift in G
may be found by using the proper formula, mak-
ing the réquired corrections, and applying the
corrections to the curve in figure 3-26. This
gives a correct curve of righting arms. To
obtain a curve of righting moments, the righting
. arms are multiplied by the new displacement
(W+w)=11,612 tons, and plotted in figure 3-27.

WEIGHT REMOVAL e

The results of a welght' removal are com-
puted by using the previous procedure, the only

difference being that most of the operations
and results will be found just the reverse of
those which relate to adding a weight.

EFFECTS OF LOOSE WATER

When a tank-or a compartment in a ship is
partially full of liquid that is free to move as
the ship heels, the surface of the liquid tends to
remain level. The surface of the free liquid is
referred to as free surface. The tendency of the
liquid to remain level as the ship heels is re-
ferred to as free surface effect. The termloose
water is used to describe liquid that has a free
surface; it is not usedtodescribe water or other
liquid that completely fills a tank or compart-
ment and thus has no free surface.

FREE SURFACE EFFECT

Free surface in a ship always causes a re-
duction in GM with a consequent reduction of
stability, superimposed on any additional weight
which would be caused by flooding. The flow of
the liquid is an athwartship shift of weight which
varies with the angle of inclination. Wherever
free surface exists, a free surface correction
must be applied to any stability calculation. This
effect may be considered to cause areductionin
a ship’s static stability curve in the amount of

-%x sind, due to a virtual rise inG
where '

i = the moment of inertia of the surface of
water in the tank about a longitudinal axis
through the center of area of that surface
(or other liquid in ratio of its specific
gravity to that gt the liquid in which the
ship is floating)

V = existing volume of displacement of the
ship in cubic feet. For arectangular com-
partment, i may be found from

g

1= ‘bré'
where

b= athwartship breidth of the free surface
(with the ship upright) in feet

1= fore-and-aft length of the free surface in
feet

6 is usual to uauine all liquids are salt water, and
thus neglect density, unless very accurate determina-
tions are
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To understand what is meant by a virtual tion if the compartment contained solids rather 4
} - rise in G, refer to figure 3-28, This figure than a liquid. As the ship heels, however, Cal
’ k shows a compartment in a ship partially filled the shift of a wedge of water along the path A
* with water, which has a free surface, fs, with glg causes the center of gravity of the ship j
' the ship upright, When the ship heels to any ﬁm from G to G2. Thisreducesthe righting ¥
small angle, such as ¢, the free surface shifts arm, at this angle, from G2 to G223, :
to f1s1, remaining parallel to the waterline, To compute GG2 and the loss of GZ for N

The result of the inclination is the movement  each angle of is a laborious and com- Ay
of a wedge of water from fofj to spsi. Calling plicated task, However, an equivalent righting ik
g1 the center of gravity of this wedge when arm, GgZ3 (which equals G2Z2), can be ob- 3
the ship was upright, and gg its center of talned by extending the line of action of the e
gravity with the ship inclined, it is evident force of gravity up to intersect the ship’s Y
that a small weight has been moved from centerline at point G3. Raising the ship's
g1 to g2. center of gravity from G to G3 would have #

Point G is the center of gravity of the ship the same effect on stability at this angle as
when upright, and G would remain at this posi- shifting it from G to G2,
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Figure 3-27.—Curve of righting moments.

The distance GgZg is the righting arm the
ship would have if the center of gravity had
risen from G to Gg, and this virtual rise of G
may be computed from the formula:

GGg= —
\'4

Referring to the formula, loss in ng%x

sin 0. This formula is accurate for small angles

of heel only, due to the pocketing effect as the
angle increases. In case several compartments
or tanks have free surface, their surface mo-
ments of inertia are calculated individually
and their sum used in the correction for free
surface. The effect of a given area of loose
liquid at a given angle of heel is entirely in-
. dependent of the depth of the 1liquid in the com-
partment, as is apparerit in the formula,

3
i= bl

af

where the only factors are the dimensions of
the surface and the displacement of the ship.

»

The free surface effect is also independent of
the free surface location in the ship, whether
it 1s high or low, forward or aft, on the center-
line or off, as long as the boundaries remain
intact.

The loss of metacentric height can obviously
can be reduced by reducing the breadth of the
free surface, as by the installation of longitudinal
bulkheads. However, off-center flooding after
damage then becomes possible, causing the ship
to take on a permanent list and usually bringing
about a greater loss in stability than if the
bulkhead were not present.

The loss of GZ due to free surfaceis always

‘1essened to some extent by pocketing. This is
Ee topof

the contact of the liquid with p of the com-
partment or the exposure of the bottom surface
of the compartment, either of which takes place
at some definite angle and reduces the breadth
of the free surface area. To understand how
pocketing of the freesurface reduces the free
surface effect, study figure 3-29, Part A shows
a compartment.in which the free surface effect
is not influenced by the depth of the loose water.
The compartment shown in partB, however, con-
tains only a small amount of water; when the

ship heels sufficiently to reduce the waterline .

V)
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147.44
Figure 3-28.—Diagram showing virtual
rise in G.

P 8.61
Figure 3-29.—Pocketing of free surface,

in the compartment from wl to w414, thebreadth
of the free surface is reduced and the free sur-
face effect is thereby reduced. A similar re-
duction in free surface effect occurs in the al-
most full compartment shown in part C, again
because of the reduction in the breadth of the
free surface. As figure 3-29 shows, the bene-
ficial effect of pocketing is greater at larger
angles of heel.

The effect of pocketing in reducing the over
all free surface effect is extremely variable
and not easily determined. In practice, there-
fore, it is usually ignored and tends to provide
a margin of safety when computing stability.

Most compartments of a ship contain some
solid objects, such as machinery and stores
which would project through and above the sur-
face of any loose water. If these objects are
secured so that they do not float or move about,

and if they are not permeable, then the free

surface area and the free surface effect is re-
duced by their presence. The actual value of
the reduction (surface permeability effect) is
difficult to calculate and, like the value of
pocketing, if ignored when calculating stability
will provide a further margin of safety.

" Swash bulkheads (nontight bulkheads pierced
by drain holes) are fitted in deep tanks and
double bottoms to hinder the flow of liquid in
its attempt to remain continuously parallel to
the waterline as the ship rolls. They diminish
the free surface effect if the roll is quick, but
they have no effect when the roll is slow. A
ship taking on a permanent list will incline
just as far as if the swash plate were not there,
When a fore-and -aft bulkhead separating two
adjacent compartments is holed (ruptured) so
that any flooding water present in one is free
to flow athwartship from one compartment to
the other, a casualty duplicating the effect of
a swash bulkhead has occurred. In this case,
it is incorrect to add the free surface effects
of the two compartments together; an entirely
new figure for the flooding effect must be com-
puted, regarding the two as one large compart-
ment,

In summary, the addition of a liquid weight
with a free surface has two effects on the me-
tacentric height of a ship, First, there is the
effect on GM and GZ of the weight addition
(considered as a solid) which influences the
vertical position of the ship’s center of gravity,
and the location of the transverse metacenter,
M. Secondly, there is a reduction in GM and GZ
due to the free surface effect.
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FREE COMMUNICATION EFFECT

‘If one or more of the boundaries of an off-
center compartment are ruptured so that the
sea may flow freely in and out with a minimum
of restriction as the ship rolls, a condition of
partial flooding with free communication with
the sea exists. The added weight of the flooding
water and the virtual rise in G due to the free
surface effect cause what is known as free
communication effect. With an off-center space
flooded, a ship will assume a list which will
be further aggravated by the free surface effect.
As the ship lists, more water will flow into
the compartment from the sea and will tend to
level off at the height of the external waterline.
The additional weight causes the ship to sink
further allowing more water to enter, causing
more list until some final list is reached. The
reduction of GM due to free communication
effect is approximately equal in magnitude to

ay?
. v .
where

a = area of the free surface in square
feet

y = perpendicular distance from the geo-
metric center of the free surface area to the

fore-and-aft centerline of the intact waterline .

plane in feet

V = new volume of ship’s displacement
after flooding, in cubic feet. Thus reduction in
GM is additional to and separate from the free
surface effect. »

The approximate reduction in GZ may be
computed from '
GZ = a_y%_ sin ¢
v

This may be considered as a virtual rise in
G, superimposed upon the virtual rise in G due
to the free surface effect.

If two partially filled tanks on opposite sides
of an intact ship are connected by an open pipe
at or near their bottoms allowing a free flow of
liquid between them, the effect on GM is the
same as if both tanks were in free communica-
tion with the sea. Hence, valyss in cross con-
nections between such-tanks should never be
left open without anticipating the accompanying

6

decrease in stability. Such free flow is known
as slulcing.

SUMMARY OF EFFECTSOF LOOSEWATER

The addition of loose water to a ship alters
the stability characteristics by means of three
effects that must be considered separately:
(1) the effect of added weight; (2) the effect of
free surface; and (3) the effect of free communi-
cation. »

Figure 3-30 shows the development of a
stability curve with corrections foradded weight,
free surface, and free communication. Curve
A is the ship’s original stability curve before
flooding. Curve B represents the situation after
flooding; this curve shows the effect of added
weight (increased stability) but it does not
show the effects of free surface or of free
communication.Curve C is curve B corrected
for free surface effect only. Curve D is curve
B corrected for both free surface effect and
free communication effect. Curve D, therefore,
is the final stability curve; it incorporates
corrections for all three effects of loose water.

LONGITUDINAL STABILITY AND
EFFECTS OF TRIM

The important phases of longitudinal in-
clination are changes in trim and longitudinal
stability. A ship pitches longitudinally in con-
trast to rolling transversely and it trims for-
and-aft, whereas it lists transversely. The
difference in forward and after draft is defined
as trim. ' ,

CENTER OF FLOATATION

When a ship trims, it inclines about an axis
through the geometric center of the waterline
plane. This point is known as the center of
flotation. The position for the cetuter of flota-
tion aft of the mid-perpendicular for various
drafts may be found from a curve on the curves
of form (fig. 3-25). When a center of flotation
curve is not available, or when precise cal-
culations are not required, the mid-perpendicu-
lar may be used in lieuof the center of flotation.

CHANGE OF TRIM
Change of trim may be defined as the change

in the difference between the drafts forward
and aft. If in changing the trim, thedraft forward

tenatr bina

et e




Chapter 3—STABILITY AND BUOYANCY

N (2]
|

RIGHTING ARM,IN FEET

0 10 20 30 40

50 60 70 80 90

ANGLE OF HEEL,IN DEGREES

8.64

Figure 3-30.—Stability curve corrected for effects of added weight,
o free surface, and free communication.

becomes greater, then the change is said to be
by the bow. Conversely, if the draft aftbecomes
greater, the change of trim is by the stern.

Changes of trim are produced by shifting
weights forward or aft or by addingor subtract-
ing weights forward of or abaft of the center of
flotation, - _

LONGITUDINAL STABILITY

Longitudinal stability is the tendency of a
ship to resist a changeintrim. For small angles
of inclination, the longitudinal metacentric height
multiplied by the displacement is a measure of
initial longitudinal stability. The longitudinal
metacentric height is designated GM’ and is
found from

GM’= KB +BM’ — KG

where

KB and KG are the same as -for transverse
stability BM’ (the longitudinal metacentric
radius) is equal to ) »
=L
BM’ v
where

I’= the moment of inertia of the ship’s
waterline plane about an athwartship
axis through the center of flotation

V=the ship’s .voiume of displacement

The value of BM’ is very large—sometimes
more than a hundred times that of BM. The
values of BM’ for various drafts may be found
from the curves of form (fig. 3-25).

MOMENT TO CHANGE TRIM ONE INCH

The measure of a ship’s ability to resist a
change of trim is the moment required to pro-
duce a change of trim of a definite amount, such
as one inch. The value of the moment to change
trim one inch is obtained from .

_GM’x W

where ' .
GM’=longitudinal metacentric height (feet)

W =displacement (tons)

L =length between -fbrward and after
perpendiculars (feet)
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For practical work, BM’ is usually substituted
for GM’ since they are both large and the dif-
ference between them is relatively small. When
this is done, howver, MTI is called the approxi-
mate moment to change trim one inch. This
value may often befoundasacurve in the curves
of form (fig. 3-25). If not, the approximate
moment to change trim one inch may be calcu-
lated from

BM’ xW

CALCULATION OF CHANGE OF TRIM

The movement of weight aboard ship in a
fore-and-aft direction produces a trimming
moment. This moment is equal to the weight
multiplied by the distance moved. The change
of trim in inches may be calculated by dividing
the trimming moment by the moment to change

trim one inch:

wxt
change of trim=ﬁ-—

The direction of change of trim is the same
as that of weight movement.If we are using mid-
ships as our axis of rotation, the changein draft
forward equals the change in draft aft. This
change of draft forward or aft is one-half the
change of trim; for example, for a change of
trim by the stern the after draft increases the
same amount the forward draft decreases, that
is, one-half the change of trim. The reverse
holds true for a change of trim by the bow.

Example: If 50 tons of ammunitionare moved
from approximately 150 feet forward of the
center of flotation to approximately 150 feet aft
of the center of flotation (300 feet), whatare the
new drafts? .

dratft find= 19 feet 9 inches

draft aft= 20 feet 3 inches

mean draft= 20 feet

~ trimming moment=50 x300=15,000foot-tons

moment to change trim one inch=1940 foot-
tons, from the following calculation:

BM’ x W. 1150 x11,800 _

(BM’ from curve in ﬂgqx;e 3-25) '

change of trim= l-5-'-0—02-“8 inches by the stern
. 1940

change of draft — 4 inchesfwd, 4inchesaft

new draft fwd= 19 feet 5 inches
new draft aft = 20 feet 7 inches

' LONGITUDINAL WEIGHT ADDITION

The addition of a weight either directly above
or below the center of flotation will cause an
increase in mean draft but will not change trim.
Al} ar-afts will change by the same amount as
the mean draft. The reverse is true when a
weight is removed at the center of flotation.

To determine the change in drafts forward
and aft due to adding a weight on the ship, the
computation is in two steps. First, the weightis
assumed to be added at the center of flotation.
This increases the mean draft and all the drafts
by the same amount. The increase is equal to
the weight added, divided by the tons-per-inch
immersion. With the ship at its new drafts, the -
weight i8 assuined to be moved to its ultimate
location. Moving the weightfore and aft produces
a trimming moment and therefore a change in
trim which is calculated aspreviously described.

FLOODING EFFECT DIAGRAM

From the flooding effect diagram of the
ship’'s Damage Control Book it is possible to
obtain the change in draft fore and aft due to
solid flooding of a compartment. The weight of
water to flood specific compartments is given
and trimming moment produced may be com-
puted, as well as list in degrees which may be
caused by the additional weight. Additionral in-
formation on the flooding effect diagram can be
obtained from Chapter 9880 of the Naval Ships
Technical Manual.

EFFECT OF TRIM ON TRANSVERSE
STABILITY

The c¢urves of form prepared for a ship are
based on the design conditions, i.e., with no
trim. For most types of ship, so long as trim
does not become excessive, the curves are still
applicable, and may be used withoutadjustment.

When a ship trims by the stern, the trans-
verse metacenter is slightly higher than indi-
cated by the KM curve, because both KB and
BM increase. The center of buoyancy rises be-
cause of the movement of a wedge of buoyancy
upward. The increased BM is the result of an
enlarged waterplane as the ship trims by the
stem.
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" Trim by bow usually means adecreasedKM,
The center of buoyancy will rise slightly, but
this is usually counteracted by the decreased
BM caused by the lower moment of inertia of
the trimmed waterplane.

CAUSES OF IMPAIRED STABILITY

The stability of a ship may be impaired by
several causes, resultingfrom mistakes orfrom
enemy action. A summary of these causes and
their effects follows:

ADDITION OF TOPSIDE WEIGHT

The addition of appreciable amounts of top-
side weight may be occasioned by unauthorized
alterations; icing conditions; provisions, ammu-
nition, or stores not struck down; deck cargo;
and other conditions of load. Whenever a weight
of considerable magnitude is added above the
ship’s existing center of gravity the effectsare:

1. Reduction of reserve buoyancy. .

2. Reduction of GM and righting arms due to
raising G,

3. Reduction of GM and righting arms due
to loss of freeboard (change of waterplane).

' 4. Reduction of righting arms it G is pulled

away from the centerline.

5. Increase in righting moment due to in-

" creased displacement.

The net effect of added high weight is always
a reduction in stability. The reserve buoyancy
loss is added weight intons. The new metacentric
height can be obtained from:

G, M, =KM, ~ KG,

Stability i8 determined by selecting a new
stability curve from the cross curves and cor-
recting it for AG, sing and GGy cos 4.

LOSS OF RESERVE BUOYANCY

Reserve buoyancy may be lost due to errors,
such as poor maintenance, failure to close fit-
tings properly, improper classification of fit-
tings, and overloading the ship; or it maybe lost

as a result of enemy action such asfragment or

missile holes in boundaries, blast whichcarries
away boundaries or blows open or warps fittings,
and flooding which overloads the ship. When the
above-water body is holed, some reserve buoy-

. 64

ancy is lost. The immersion of buoyant volume
is necessary to the development of a righting
arm as the ship rolls; if the hull is riddled it
can no longer do this on the damaged side,
toward which it will roll. In effect, the riddling
of the above-water hull is analogous to losing a
part of the freeboard, thus reducing stability.
When this happens, if the ship takes water
aboard on the roll, the combined effects of high
added weight and free surface operate to cut
down the righting moment. Therefore, the under-
water hull and body should be plugged and
patched, and every effort should be made to re-
store the watertightness of external and internal
boundaries in the above-water body.

FLOODING

Flooding may take place because of under-
water damage, shell or bomb burst belowdecks,
collision, topside hit near the waterline, fire-
fighting water, ruptured poping, sprinkling of
magazines, counterflooding, orleakage.Regard-
leas of how it takes place it can be classified
in three general categories, each of which can
be further broken down, as follows:

1. with respect to boundaries

a. solid footing
b. partial flooding

¢. partial flooding infree communication
with the sea

2. with respect to height in the ship
a. center of gravity of the flooding water
is above G _
b. center of gravity of the flooding water
is below G
3. with respect to the ship’scenterline

a. symmetrical flooding
b. off-center flooding

Solid Flooding

The term solid flooding designates the situ-

- ation in which a compartment is completely

filled from deck to overhead. In order for this
to occur the compartment must be vented as by
an air escape, an open scuttle or vent fitting, or
through fragment holes in the overhead. Solid
flooding water behaves exactly like an added

ory.
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weight and has the effect of so many tons placed
exactly at the center of gravity of the flooding
water. It is more likely to occur below the
waterline, where it has the effect of any added
low weight. Inasmuch as G is usually a little

above the waterline in warships, the net effect .

of solid flooding below the waterline is most
frequently a gain in stability, unless a sizeable
list or a serious loss of freeboard results in a
net reduction of stability. The reserve buoyancy
consumed is the weight of flooding waterintons,
and the new GM and stability characteristics
are found as previously explained. '

Partial Flooding with Boundaries Intact

The term partial flooding refers to a.condi-
tion in which the surface of the flooding water
lies somewhere between the deck and the over-
head of a compartment. The boundaries of the
compartment remain watertight and the com-
partment remains partially but not completely
filled. Partial flooding can be brought about by
leakage from other damaged compartments or
through defective fittings, seepage, shipping
water on the roll, downward drainage of water,
loose water from firefighting, sprinklers, rup-
tured piping, and other damage.

Partial flooding of a compartment that has
intact flooding boundaries affects the stability
of the ship because of (1) the effect of added
weight, and (2) the effect of free surface. The
effect of the added weight will depend upon

whether the weight is high in the ship or low,
and whether it is symmetrical about the center-
line or is off-center. The effect of free surface
will depend primarily upon the athwartship
breadth of the free surface. Unless the free
surface is relatively narrow and the weight is
added low in the ship, the net effect of partial
flooding in a compartment withintactboundaries

is likely“to be a very definite loss in overall
stability.

Partial Flooding in Free Communication
with the Sea

Free communication can exist only in par-
tially flooded compartments in which it is
possible for the sea to flow in and out as the
ship rolls. Partial flooding with free communi-
cation is most likely to occur when there is a
large hole that extends above and below the
waterline. It may also occur in a waterline
compartment when there is a large hole in the
shell below the waterline, if the compartment
is vented as the ship rolls. Where free com-
munication does exist, the water level in the
compartment remains at sea level as the ship

When a compartment is partially flooded and
in free communication with the sea, the ship’s
stability is affected by (1) added weight, (2) free
surface effect, and (3) free communication ef-
fect. In general, net effect of partial flooding

with free communication is a decided 1088 in
stability.




CHAPTER ¢
PREVENTIVE AND CORRECTIVE DAMAGE CONTROL

Aboard ship, the overail damags =« casualty
control function is compcaed of twe :3~parate but
related phases: the engineoring casualty control
phase and the damage ou.itrol phase. The en-
gineering officer is rvspai:sible for bott phases.

The engineering caazualty control phase ts
concerned with the prevention, mt::imization, and
corraction of the effectsof operat!snal andbattic
casualties to the machinery, electrical systems,
and piping installations, to the end that all engt-
neerirg services may be maintained inastate of
maxismum reliability w.aer all conditions of op-
eration. Engineering casualty control ishandled
almost entirely by personnel of the enginesring
department.,

Tbe damage ~ontrol phas-, :the other hand,
involves practically every person aboard ship.
The damage control pl.use is corcarned with :0h
things as the preservation ot stability and water-
tight integrity, the control offires, the coatrol of
flooding, the repairof structuraldamage, and the
control of nuclear, biological, and chemical
contamination, Although under the control of the
engineer officer, damage rontrol is anall-hands
responsibility. '

This chapter presents some basic informa-
tion on the principles of the damage control
phase of the damage and casualty control func-
tion. Information on engineering casualty control
is not included here; any such information would
be relatively meaningless without a considerable
background knowledge of the normal operating
characteristics of shipboard machinery and
equipment.

PREPARATIONS TO RESIST DAMAGE

) it
Naval ships are designed to resist accidental
and battle damage. Damage resistant features in-
clude structural strength, watertight compart-
mentation, stability, and buoyancy. Maintaining
these damage resistant features and maintaining .
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a high state of material and personnel readin=ss
before damage is far more important for sur-
vival than are any damage control measures
that can be taken after the ship has been dam-
aged. It has been said that 90 percent of the
damage control needed to sav+a ship takesplace
before the ship ig damage. sund only 10 percent
can be dong after the damage has occurred. In
splie of all precautions and all preparatory
measures, hc wever, the survivalof a ship some-
times depeids wpcn promptand effective damage
control measuras taken afterdamage hasoccuz-
rad. It is essen. ial, therefore, thatall shipboard
verscnnel be tiained in Gamage conirol proce-
dures,

"The mainten. 2. of watertight integrity is a
vital part of any snip’s preparations to resist
damage. Each “:xamaged tank or compartment
aboard ship must be kept watertight if flooding
is not to be progressive after damage. Water-
tight integrity can be lost in a number cx waya.
Failure to secure access closures and improper
maintenancs of watertight fittings and compart-
ment boundaries, as well as external damage to
the ship, can cause loss of watertight integrity,
a thorough system of tests and Inspections is
prescribed, The condition of watertight bounda-
ries, compastments, and fittings is determined
by visual cbservation and by various tests, in-
cluding chalk tests and air tests. ‘ill detects
discovered by any test or inspectio~ must be
remedied immediately.

For most ships, a mandatory schedule of wa-
tertight integrity tests and inspe.tions is pye-
pared. This schedule informs each ship of the
compartments subject to test and/61 ihspection,
specifying which. type of test or inspection shall
be applied. Ships not provided with sucha sched-
ule are nevertheless required to make inspec-
tions of important watertight boundaries as re.
quired by chapter 9290 of the of Nuva! Ships
Technical Manual. )

£
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DAMAGE CONTROL ORGANIZATION

In order to ensure damage control tr12ining
and to provide prompt control of casualties, a
damage control organization must be set up and
kept active on all ships.

As previously noted, the engineer officer is
responsible for damage control. The damage
control assistant (DCA), who is under the engi-
neer officer, is responsible for establishing and
maintaining an effective damage control organi-
zation. Specifically, the DCA is responsible for
the prevention and control of damage, thetrain-
ing of ship’s personnel in damage control, and
the operation, care, and maintenance of certain
auxiliary, machinery, piping, and drainage sys=
tems not assigned to other departments or divi=-
sions.

Although naval ships may be large or small,
and although they differ in type, the basic prin-
ciples of the damage control organization are
more or less standardized. Some organizations
are larger and more elaborate than others, but
they all function on the same basic principles.

A standard damage control organization,
suitable for larg:. ships but followed by all ships
as closely as practicable, includes damage con-
trol central and repair stations. Damage control
central is integrated with propulsion and elec-
trical control in a Central Control Station on
new large ships and is a separate Station on
older and small ships. Repair parties are as-
signed to specifically located repair stations.
Repair stations are further subdivided into unit
patrols to permit dispersal of personnel and a
wide coverage of the assigned areas,

DAMAGE CONTROL CENTRAL

The primary purpose of damage control cen=
tral is to collect and compare reports from the
various repair stations in order to determine
the condition of the ship andthe correctiveaction

to be taken. The commanding officer is kept .

posted on the condition of the ship and on im-
portant corrective measures taken. Thedamage
control assistant, at his battle station indamage
control central, is the nerve center and direct-
ing force of the entire damage control organi-
zation. He is8 assisted in damage control central
by a stability officer, a casuplty board operator,
and a damage analyst. In addition, representa-
tives of the various divisions of the engineering
department are assigned to damage control
central, '

In damage control central, repair party re-
ports are carefully checked so that immediate
action can be taken to isolate damage and to
make emergency repairs in the most effective
manner. Graphic records of the damage are
made on various damage control diagrams and
status boards, as the reports are received. For
example, reports concerning flooding are mark-
ed up, as they come in, on a status board which
indicates lquid distribution before damage. With
this information, the stability and buoyance of
the ship can be estimated and the necessary
corrective measures can be determined.

If damage control central is destroyed or is
for other reasons unable to retain control, the
repair stations, in designated order, take over
these same functions. Provisions are alsomade
for passing the control of each repair station
down through the officers, petty officers, and
nonrated men, so that no group will ever be
without a leader. :

REPAIR PARTIES

A standard damage control organization on
large ships includes the following repair sta-
tions:

Repair 1 (deck or topside repair).
Repair 2 (forward repair).
Repair 3 (after repair).

Repair 4 (amidship repair).
Repair 5§ (propulsion repair).
Repair 6 (ordnance repair).

On carriers, there are two additional repair
stations—Repair 7 (gallery deck and island
structure repair) and Repair 8 (electronics re-
pair party). Carriers also have special orga-
nized teams such as Aviation Fuel Repair, Crash
and Salvage, and Ornance Disposal. On small
ships, there are usually three repair stations—
Repair 2, Repair 3, and Repair 5.

The organization of repair stations isbasic-
ally the same on all types of ships; however,
more men are available for manning repair
stations on large ships than on small ships. The
number and the ratings of men assigned to a
repair station, as specified in the battle bill,
are determined by the location of the station,
the portion of the ship assigned to that station,
and the total number of men available.

Each repair party has an officer in charge,
who may in some cases be a chief petty officer.
The second in charge is usually a chief petty
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officer who is qualified in damage control and
who is capable of taking over the supervision
of the repair party.

Many repair stations have unit patrol sta-
tions at key locations in their assigned areas to
supplement the repair station. Operating in-
structions should be posted at each repair sta-
tion, In general, instructions should include the
purpose of the repair station; the specific as-
signments of space for which that station is
responsible; instructions for assigning and sta-
tioning personnel; methods and procedures for
damage control communications; instructions
. for handling machinery and equipment located
in the area; procedures for nuclear, biological,
and chemical (NBC) defense; sequence and pro-
cedure for passing control from one station to
another; a list of current damage control bills;
and a list of all damage control equipment and
gear provided for the repair station,

MATERIAL CONDITIONS OF READINESS

Material conditions of readiness refers to
the degree of access and system closure to
limit the extent of damage tothe ship, Maximum
‘closure is not maintained at all times because
it would interfere with the normal operation of
the ship. For damage control -purposes, naval
ships have three material conditions of readi-
ness, each condition representing a different
degree of tightness and protection. The three
material conditions of readiness are called
X-RAY, YOKE, and ZEBRA. These titles, which
have no connection with the phonetic alphabet,
are used in all spoken and written communica-
tions concerning material conditions. -

Condition X-RAY, which provides the leaet
protection, is set when the ship is in no danger
from. attack, such as when it is at anchor ina
well protected harbor or secured atahome base:
durlng regular working hours, .

- Condition: YOKE, which provides somewhat
more ‘protection than condition X-RAY, is set
and maintained at sea. I is also malntalned in
port during wartime and at other times in port
outslde of .regular working hours. :

. Condition ZEBRA .is set before golng to sea
or entering port, during wartime, It is also set
immediately, without further orders, when
manning general quarters stations, Condition

The closures involved in settingthe material
conditions of readiness are labeled as follows:

X-RAY, marked with a black X, These clo-
sures are secured during conditions X-RAY,
YOKE, and ZEBRA.,

YOKE, marked with a black Y, These clo=-
sures are secured during conditions YOKE and
ZEBRA,

ZEBRA, marked with a red Z. These clo-
sures are secured during condition ZEBRA,

Once the material condition is set, no fitting
marked with a black X, a black Y, or a red 2
may be opened without permission of the com-
manding officer (through the damage control
assistant or the officer of the deck.) The re-
pair party officer controls the opening and
closing of all fittings in hisassignedareaduring
general quarters.

Additional fitting markings for specific pur-
poses are modifications of the three basic con-
diti~ns, as follows:

CIRCLE X-RAY fittings, marked withablack
X in a black circle, are secured during condi~
tions X-RAY, YOKE, and ZEBRA. CIRCLE
YOKE tittings, marked with a black Y ina black
circle, are secured during conditions YOKE and
ZEBRA, Both CIRCLE X-RAY and CIRCLE
YOKE fittings may be opened without special
authority when going to or securing from gen-
eral quarters, when transferring ammunition,
or when operating vital systems during general
quarters; but the fittings must be eecured when
not in use.

CIRCLE ZEBRA fittings, marked with a red -

Z in a red circle, are secured during condition
ZEBRA. CIRCLE ZEBRA fittings may be opened
during prolonged periods of general quarters,
when the condition may be modified. Opening
these fittings enables personnel to prepare and
distribute battle rations, open limited sanitary

. facilities, ventilate battle stations, and provide

access from ready rooms to flight deck. When
open, CIRCLE ZEBRA {ittings must bg. guarded
for immediate closure if necessary.

DOG ZEBRA fittings, marked with a red 2
in a black D, are secured during condition
ZEBRA and during darken ship condition. The

'DOG ZEBRA classification applies to weather

accesses not equipped with light switches or
light traps. -
WILLIAM f{ittings, marked with a black W,

- are kept open during all material conditions.

ZEBRA is also set to localize and c¢ontrol fire .

and ﬂoodtng when not at general quartere sta-

tions. .
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This classification applies to vital sea suction
valves supplying main and auxiliary condensers,
fire pumps, and spaces that are manned during
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conditions X-RAY, YOKE, and ZEBRA,; it also
applies to vital valves that it secured, would
impair the mobility and fire protectlon of the
ship. These items are secured only as neces-
sary to control damage or contamination and to
effect repairs to the units served.

CIRCLE WILLIAM (fittings, marked with a
black W in a black circle, are normally kept
open (as WILLIAM fittings are) but must be
secured as defense against nuclear, biological,

“or chemical attack.

INVESTIGATION OF DAMAGE

The DCA must be given all available informa-
tion concerning the nature and extent of damage
so that he will be able to analyze the damage
and decide upon appropriate measures of con-
trol. The repair parties that are investigating
the damage at the scene are normally in the
best position to give dependable information on
the nature and extent of the damage. All re-
pair.party personnel should be trained to make
prompt, accurate, and complete reportstodam-
age control central. Items that should normally
be reported to damage control central include:
-1, Description of important things seen,
heard, or felt by personnel.

2. Location and nature of flres, smoke, and
toxic gases..

8. Location and nature of progressive flood-
lng.

4, Overall extent and nature of flooding.

5. Structural damage tolongitudinal strength
members. ; _

6. Location and nature of damage to vital
piping and electrical systems.

7. Local progress made in controlling fire;
halting flooding; isolating damaged systems; and
rigging jury piping, casualty power, and emer-
gency communications,

8. Compartmem-by-compartment informa-
tion on flooding, including depth of liquid in each
flooded compartment.

9. Condition of boundaries (decks, bulkheads,

and closures) surrounding each flooded compart-
ment.

10. Local progress made in reclaiming com-
partments by plugging, patching, shoring, and
removing loose water.

11, Areas in which damage is suspected but
cannot be reached or verified.

- The DCA must ascertain just what’informa-
tion the commanding officer desires concern-
ing the extent of the damage incurred and the
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corrective measures taken. The DCA must also
find out how detailed the information to the CO
should be and when it is to be furnished. With
these guidelines in mind, the DCA must sift all
information coming into damage control central
and pass along to the bridge only the type of
information that the CO wants to have.

" CORRECTIVE MEASURES

»

Measures for the control of damage may be
divided into two general categories: (1) over-
all ship survival measures, and (2) immediate
local measures.

 OVERALL SHIP SURVIVAL MEASURES

Overall ship survival measures are those
actions initiated by damage control central for
the handling of list, trim, buoyance, stability,
and hull strength. Operations in this category
have five general objectives: improving GM
and overall stability, correcting for off-center
weight, restoring lost freeboard and reserve
buoyancy, correcting for trim, and relieving
stress in longitudinal strength members.

Improving GM
and Overall Stability

The measures used to improve GM and over-
all stabflity in a damaged ship include (1)
suppressing free surface, (2) jettisoning top-
side weights, (3) ballasting, (4) lowering liquid
or solid weights, and (5) restoring boundaries.

Correcting for
Off-Center Weight

Off-center weight may occur as the result
of unsymmetrical flooding or as the result of
an athwartship movement of weight. Correcting
for off-center weight may be accomplished by
(1) pumping out off-center flooding water, (2)
pumping liquids across the ship, (3) counter-
flooding, (4) jettisoning topside weights from
the low side of the ship, (5) shifting solid
weights athwartships, and (6) pumping liquids
overboard from intact wing tanks on the low
side,

Restoring Lost Freeboard
and Reserve Buoyancy

'Restoring lost freeboard and reserve buoy-

ancy requires the removal of large quantities
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of weight. In general, the most practicable way
of accomplishing this is to restore watertight
boundaries and to reclaim compartments by
pumping them out. Any corrective measure

which removes weight from the ship contributes

to the restoration of freeboard,
Correcting for Trim

The methods used to correct for trim after
damage include (1) pumping out flood water, (2)
punping liquids forward or -aft, (3) counter-
flooding the high end, (4) jettlsonlng topside
weights from the low end, (5) shifting solid
weights from the low end to the high end, and
(6) pumping liquids over the. side from intact
tanks at thelow end. The first of these methods—
that is, pumping out flood water~is in most
cases the only truly effective means of correct-
ing a severe trim.

- The correction of trim is usually secondary
to the correction of list, unless the trim is so
great that there is danger of submerging the
weather deck at the low end.

Relieving Stress in
Longitudinal Strength Members

When a ship is partially flooded, the longi-
tudinal strength members are subject to great
stress. In cases where damage has carried
away or buckled the strength members amid~
ships, the additional stress imposed by the
weight of the flooding water may be enough to
cause the ship to break up. The only eftective
way of relieving stress caused by flooding is
to remove the water. Other measures, such as
removing or shifting weight, may be helpful
but cannot be completely effective. In some in-
stances, damaged longitudinals may be strength-
ened by wtlding. .

IMMEDIATE LOCAL MEASURES

Immediate 1ocal measures are those actions
taken by repair parties at the scene of the dam-

age, In general, these measures include all

on-scene efforts to investigate the damage, to
report to damage control central and to ac-
complish the following:

1. Establish flooding boundaries by select-~
ing a line of intact bulkheads and deckst which
the flooding may be held and by rapidly plugging,
patching, and shoring to make these boundaries
watertight and dependable,

2. Control and extinguish fires. . )

3. Establish secondary flooding boundaries
by selecting a second line of bulkheads anddecks
to which the flooding may be held if the first
flooding boundaries fail.

4, Advance flooding boundaries by moving
in toward the scene of the damage, plugging,
patching, shoring, and removing loose water.

5. Isolate damage to machinery, piping,
and electrical systems.

6. Restore piping systems to service by
the use of patches, jumpers, clamps, couplings,
etc.

. 7. Rig casualty power.

8. Rig emergency communications and
1lighting.

9. Rescue personnel and care for thewound-
ed,

10. Remove wreckage and debris.

11. Cover or barricade dangerous areas.

12. Ventilate compartments which are filled
with smoke or toxic gases.

13. Take measures to counteract the eftects
of nuclear, biological, and chemical contamina-
tion or weapons.

Immediate local measures for the control
of damage are of vital importance. It is not
necessary for damage control central to decide
on these measures; rather, they should be car-
ried out automatically and rapidly by repair
parties. However, damage control central should
be continuously and accurately advised of the
progress made by each party so that the efforts
of all repair parties may be coordinated to the

- best advantage.

PRACTICAL DAMAGE CONTROL

Both the immediate local measures and the
overall ship survival measures have, of course,
the common aim of saving theship and restoring
it to service. The following subsections deal
with the practical methods used to achieve this
aim: controlling fires, controlling flooding, re-
pairing structural damage, and restoring vital

" services.

- Tt should be noted that controlling theeffects
of nuclear, biological, and chemical warfare
weapons or agents may in some situations take
precedence over other damage control mea-
sures. Because of the complex nature of NBC
defense, this subject is treated separately in a

" later section of- this chapter.
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CONTROL OF FIRES

Fire is a constant potential hazard aboard
ship. All possible measures must be taken to
prevent its occurrence or to bring about its
rapid control and extinguishment. In many cases,
fire occurs in conjunction with other damage,
as a result of enemy action, weather, or acci-
dent. Unless fire is rapidly and effectively ex-
tinguished, it may cause more damage than-the
initial casualty and it may, in fact, cause the
loss of a ship even after other damage has been
repaired or minimized. ' :

Fires are classified according to the nature

of the combustible material. Class A fires are

those which involve ordinary combustible mate-
rial such as wood, paper, mattresses, canvas,
etc. Class B fires are those which involve the
burning of oils, greases, gasoline, and similar

materials. Class C fires are those which occur -

in electrical equipment. Class D firesarethose
which involve certain metals such as magne-
sium, potassium, powdered aluminum zinc,
sodium, titanium, zirconium and others.

Class A fires are extinguished by the use

of water. Class B fires are extinguished chiefly
by smothering with foam, fog, steam, or purple
K powder dry chemical agent (as appropriate
for the particular fire). Class C fires are
preferably extinguished by the use of carbon
dioxide. Because of the danger of electric shock,
a solid stream of water must never be used
to extinguish a class C fire. Class D fires are
presently extinguished by using large amounts
of water. Personnel safety is of prime concern
when fighting this class fire; toxic gasses,
possible hydrogen explosions, splattering -of
molten metal, and intense heat are prime char-
acteristics of this type of fire. Presently,
intensive research is being conducted on better
methods of attack and more suitable extinguish-
ing agents. ' , .
The organization of a firefighting party de-
pends on the number of men available. Figure
4-1 shows the basic. organization of a small
firefighting party, and figure 4-2 shows the
. basic organization of a large firefighting party.
At times it 18 necessary for one person to per-
form more than one of the indicated duties, and
this fact is taken into consideration in organiz-
ing firefighting parties. = .
One man in the firefighting party must be
designated as the group or scene leader (investi-
gator). His first duty istogettothe fire quickly;

he investigates the situation, determines the

SCENE LEAOER
(INVESTIGATOR)

PLUGMAN

ACCESS MEN
(INVESTIGATORS)

FOAM SUPPLY

FIRST AlO

OBA MEN

o]

8.80
Figure 4-1.—Organization of small firefighting

party.

nature of the fire, decides what type of equip-
ment should be used, .and informs damage con-
trol central. Later developments may require
the use of different or additional equipment,
but the scene leader must decide what to use
first.

The number of hosemen assigned to a fire-
fighting party varies in accordance with the
number of men available and the size of the
firehose. At least three men are required for
a 1 1/2-inch hose, and four or five men are
required for a 2 1/2-inch hose. The hosemen
lead out the hose, removekinks and sharp bends,
and stand by the nozzles. Nozzlemen should
wear oxygen breathing apparatus (OBA) while
fighting fires. '

The plugman stands by to operate the fire-
plug valve, when 80 ordered. He rigsand stands
by jumper lines, assists on the hose lines, and
clears the fireplug strainer when necessary.

The access men open.  doors, hatches,
scuttles, and other openings and clear routes
as necessary to gain access to the fire. These
men carry equipment to open jammed fittings
and locked doors. Once they have gainedaccess
to the fire, they make a detafled investigation
of the fire area. ,

The foam supply man sets up the foam equip-
ment for operation and operates it as required,
He obtains spare foam cans from racks and
prepares them for use. . .

The electrical kit man (or electrician) de-
energizes all electrical equipment in the fire
area, both to protect personnel and to prevent
explosions or flashbacks. When necessary, he
rigs power cables for portable tools, lights, and
blowers, - '

ELECTRICAL KIT

CLOSURE OETAIL
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i} scENELEADER
(INVESTIGATOR)
! L
TALKER MESSENGER
FIREFIGHTING
PARTY
SUPPORTING | STANDBY l
NOZZLEMAN ' ' RN NOZZL EMAN
HOSEMEN HOSPITAL HOSEMEN
y CORPSMAN
INVESTIGATORS . ANO KIT INVESTIGATORS
'FOAM EQUIPMENT .
PLUGMAN rf s » . PLUGMAN
FOAMLIQUID ’ HOSEMEN 'FOAM LIQUID
€O, MEN €O, MEN
OXYACETYLENE
ACCESS MEN CUTTING OUTFIT CLOSURE DETAIL

PUMPING EQUIPMENT

ALUMINIZED FIRE PROXIMITY SUIT
(OR ASBESTOS SUIT) MEN

VENTILATION LIGHTING
AND POWER MEN

DEWATERING EQUIPMENT
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Figure 4-2.~Organization of large firefighting party.

- The COg dry powder supply men take extin-
guishers to the fire and operate them as neces-
sary.

The OBA men have their gear on and ready
for immediate use throughout the firefighting
operation. OBA tenders are in chargeof tending
lines, when used, and keeping spare canisters
readily available. The OBA men assist in making
the Investigation in situations. where oxygen
‘breathing apparatus is necessary for entry.
The OBA men also work with hoses and per-
form other duties in spaces contatning toxic
gases. -

" The closure detail securesall doors, hatches,

and openings around the fire area to isolate

the fire area. “This group- secures all ventifa-
‘tion closures and-fans in the area of smoke and

heat, establishes secondary fire boundartes by

cooling down nearby areas, and assists in fight-
ing the fire as necessary.

Hospital Corpsmen render first aid to the _

injured. The JZ talker establishes and main-
tains communications with damage control cen-
tral, etther directly or through the local repair
party

Since no two fires are exactly alike, the

-deployment of men and equipment is not always
the same. In most situations, however, the fol-
lowlng general rules are observed:

‘1, 'The_ attacking party, which is the first
line of defense, must have a sufficient number
of men. The attacking party makes the initial
investigation and moves in to contain the fire,

2. The supporting party should not have any
more men than are actually required to bring
up auxiliary equipment, -assist with foam and
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PRINCIPLES OF NAVAL ENGINEERING

CO2 supply, and fight the fire. Men at the fire
who are not actually engaged in fighting the
fire should be sent to the standby party. The
standby party makes the closures necessary to
isolate the fire area, cools the surrounding
areas, supplies foam and COg, and assists in
fighting the fire when necessary.

3. The firefighting party must be quiet and
orderly. There should be only two men talking
at a fire: the leader of the firefighting party
and the messenger or phone talker.

4. All orders issued at the scene must be
clear, concise, and accurate.

5. All reports to damage control central
must be clear, concise, and accurate.

6. All possible safety precautions must be
observed. .

7. Precautions must be taken to see that the
fire does not spread. Fire boundaries must be
established, and men must be stationed in ad-
jacent compartments to see that the fire does
not spread. Even distant compartments may
require checking, since fire can spread a great
distance through ventilation ducts.

Figures 4-3 and 4-4 show members of a
shipboard firefighting party in action.

CONTROL OF FLOODING

" Flooding! may occur from a number of dif-
ferent causes. Underwater or waterline damage,
ruptured water piping, the use of large quanti-
tles of water for firefighting or counterflooding,
and the Improper maintenance of boundaries
are all possible causes of flooding aboard ship.
It should be noted that ballasting fuel oil tanks
with sea water after the oil has been removed
is not considered a form of flooding; ballasting
merely consists of replacing one liquid with
another in order to maintain the ship in a con-
dition of maximum resistance to damage.

I a ship suffers such extensive damage that
it never stops listing, trimming, and settling

in the water, the chances are that it will go

down within a2 very few minutes. I, onthe other
hand, a ship stops listing, trimming, and settling
shortly after the damage occurs, it is not likely
to sink at all unless progressive flooding is
allowed to occur. Thus there is an excellent
chance of saving “any ship that does not sink

-immediately. There is no case on recordof a

1The effects of various types of flooding on stability
.are discussed in chapter 3 of this text.

. B

ship sinking suddenly after it has stopped list-
ing, trimming, and settling, except in cases
where progressive flooding occurred.

The control of flooding requires that the
amount of water entering the hull be restricted
or entirely stopped. The removal of flooding
water cannot be accomplished until flooding
boundaries have been established. Pump capa-
city should never be wasted on compartments
which cannot be quickly and effectively made
tight, If a compartment fills rapidly, it is a
sign that pumping capacity will be wasted until
the openings have been plugged or patched. The
futility of merely circulating sea water should
be obvious.

" Once flooding boundaries have been estab-
lished, the removal of the flooding water should
be undertaken on a systematic basis. Loose
water—that is, water with free surface-—and
water that is located high in the ship should be
removed first. Compartments which are solidly

flooded and which are low in the ship are gen-

erally dewatered last, unless the flooding is
sufficiently off-center to cause a serious list.

Compartments must always be dewatered ina . -

sequence that will contribute to the overall
stability of the ship. For example, a ship could
be. capsized if low, solidly flooded compart-
ments were dewatered while water still remained
in high, partially flooded compartments.

In order to know which compartments should
be dewatered first, it is necessary to know the
effect of flooding on all ship’s compartments.
This information is given in the flooding effect
diagram in the ship’s Damage Control Book.
The flooding effect diagram consists of a series
of plan views of the ship at various levels,
showing all watertight, oiltight, airtight, fume-
tight, andfire-retarding subdivisions. Compart-
ments on the flooding effectdiagram are colored
in the following way:

1. If flooding the compartment results in a
decrease in stability because of high weight,
free surface effect, or both, the compartment
is colored pink.

2. I flooding the compartment improves
stability even though free surface exists, the
compartment 18 colored green.

3. If flooding the compartment improves
stability when the compartmentis solidly flooded
but impairs stability when a free surface exists,
the compartment is colored yellow.

-4, It flooding the compartment has no very
definite effect on stability, the compartment is
left uncolored.
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Chapter 4—PREVENTIVE AND CORRECTIVE DAMAGE CONTROL

Figure 4-3.—Members of firefighting party cooling hatch.

The flooding effect diagram also shows the
welght of salt water (in tons) required to fill
the compartment; this is indicated by anumeral
jn the upper left-hand corner. In addition, the
transverse moment of the weight (in foot-tons)
about the centerline of the ship is indicated for
all compartments which are not symmetrical
about the centerline.

’y
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Facilities for dewatering compartmentscon-
sist of the fixed drainage systems of the ship
and portable equipment such as electric sub-
mersible pumps, P-500 pumps, P-250 pumps,
and eductors, On a large combat ship, the
fixed drainage systems have a total pumping
capacity of about 12,200 gallons per minute~—
less, it might be noted, than the amount of
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Figure 4-4.—Members of firefighting party cooling

8.122

entrance to compartment.

water admitted by a hole 1 square foot in size
in an area located 15 feet below the waterline,

Portable submersible pumps used aboard
naval ships are centrifugal pumps driven by a
water-jacketed, constant-speed a-c or d-c
motor. When a submersible pump is being used
to dewater a compartment, the pump is lowered
into the water and a discharge hose isled to the
nearest point of discharge. Since -tlie delivery
of the pump increases as the discharge head
decreases, dewatering can be accomplished

G

" faster if the water is discharged at the lowest

70

practicable point and if the discharge hose is
short and free from kinks. When itisnecessary
to dewater against a high discharge head, two
submersible pumps can be used in tandem, as
shown in figure 4-5. The pump at the lower
level lifts water to the suction side of the pump
at the higher level.

The P-500 portable pump, originally devel-
oped for firefighting, is alsoused for dewatering
flooded spaces. This pump is of the centrifugal
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Figure 4-5.—Tandem connections for
submersible pumps.

type; it is driven by a water-cooled gasoline

engine of special design. The pump delivers

500 gallons per minute at 100 pounds per square

inch pressure, with a suction lift of 16 feet.

The capacity may be increased by decreasing
the discharge pressure.

The P-250 pump, which i8 similar to the
P-500 pump except for capacity, is scheduled
to replace the P-500 pump aboard ship. A P-250
pump is shown in figure 4-6,

In order to estimate the num*er of pumps
required to handle a flooding situation, it is
necessary to. consider the amount and location
of the water to be removed, the capacity and
availability of the installed drainage systems,
and the capacity of the available portable pumps.
It is also necessary to know whether the leaks
are completely plugged, partially plugged, or
not plugged at all—in short, it is necessary to

know how much water is coming in while water
- 18 being pumped out.

REPAIR OF STRUCTURAL DAMAGE

The kinds of damage that may have to be
repaired while a ship is still in the battle area
include holes above and below the waterline;
cracks in steel plating; punctured, weakened,
or distorted bulkheads; warped or sprung doors
and hatches; weakened or ruptured beams, sup-
ports, and other strength members; rupturedor
weakened decks; ruptured or cracked piping;
severed electrical cables; broken or distorted
foundations under machinery; broken or pierced
machinery units; and a wide variety oi miscel-
laneous wreckage that may interfere with the
functioning of the ship.

One of the most important things to remem-
ber In connection with the repair of structural
damage 1is that a ship can sink just as easily
from a series of insignificant-looking small
holes as it can from one larger and more
dramatic-looking hole. A natural enough tend-
ency—and one which can lead to the sinking
of a ship—is to attack the large, obviousdamage
first and to overlook the smaller holes through
Interior bulkheads. Men sometimes waste hours
trying to patch large holes in already flooded
“compartments, disregarding the smaller holes
through which progressive flooding is gradually
taking place. In many situations, it would be
better to concentrate on the smaller interior
holes; as a rule, the really large holes In the
underwater hull cannot be repaired anyway until
the ship is drydocked.

Holes in the hull at or just above the water-
lne should be given immediate attention. Al-
though holes in this location may appear to be
relatively harmless, theyare actually extremely
hazardous. As the ship rolls or loses buoyancy,
the holes become submerged and admit ‘water
at a level that is dangerously high above the

ship’s center of gravity.

. The methods and materials used to repair
holes above the waterline are also used, for
the most part, for the repair of underwater
holes. The greatest difficulty encountered in
repairing underwater damage is usually - the
inaccebsibility of the damage. If an inboard
compartment 1is flooded, opening doors or

~. hatches to get to the damage would result in
further flpoding of other compartments. Insuch
a case, it is usually necessary to send a man
wearing a shallow-water diving apparatus down

1
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Figure 4~6.-P-250 portable pump.

into the compartment. His repair work islikely
to be hampered bytangled wreckage in the water,
by the absence of light to work by, and by the
difficulties of trying to keep buoyant repair
materials submerged.

Shoring is often used aboard ship to support
ruptured decks, to strengthen -veakened bulk-
heads and decks, to build up temporary decks
and bulkheads against the sea, to support hatches
and doors, and to provide support for equip-
ment which has broken loose.”

The basic materials required for shoring
are shores, wedges, sholes, and strongbacks.
A shore is a portable beam. A wedgeis a block,

.

triangular on the sides and rectangular on the
butt end. A shole is a flat block which may be
placed under the end of a shore for the purpose
of distributing the pressure. A strongback is a
plece used to distribute pressure or to serve
as an anchor for a patch.

When to shore is a problem that cannot be
solved by the application of any one setof rules.
Sometimes the need for shoring is obvious, as
in the case of damaged hatches; but sometimes
dangerously weakened supports under guns or
machinery may not be so readily noticed. Al-
though shoring is sometimes done when it is
not really necessary, the best general rule to
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follow is this: in case of doubt, it is always RESTORATION OF
better to shore than to gamble on the strength VITAL SERVICES
of an important deck, bulkhead, hatch, or other

member, Thus far we have considered practical dam-
Some examples of shoring are illustrated in age control operations from the point of view of
figure 4-1. . - combatting fires, getting rid of flooding water,

i
am BARBETTE

THIS IS THE SIMPLEST AND

STRONGEST SHORING STRUC- e
TURE. ' T o -
. W &\ | THE USUAL METHOD OF IN-
\/, STALLING SHORES IS BY A
N\ \\,/i TRIANGULATION SYSTEM.
\ Pl
THE BASIC STRUCTURE IS )

REPEATED AS OFTEN A3 NECESSARY.

WHEN OBSTRUCTIOP'JS PREVENT USE
OF THE TRIANGULATION SYSTEM
THIS METHOD MAY BE USED.

B o

THIS 1S BAD

STRONGBACK

; [l ol
ol .'I|I|I|||-'
BULKHEAD
!
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* AND MAY SNAP!

ADDITIONAL STRENGTH IS AFFORDED BY SHORES B
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AND 4, AND IS BRACED AGAINST A UNIT OF MACH INERY BY
- MEANS OF E.-

Figure 4-7.—Examples qf shqun’g.
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repairing structural damage, and in general
restoring the ship to a stable and seaworthy
condition. To function as a fighting unit, how-
ever, a ship must be more than stable and
gseaworthy-—it must also be able to move. The
restoration of vital services is therefore an
integral part of damage control, even though it
must often be accomplished a.tter fires and
flooding have been controlled.

The restoration of vital services includes
making repairs to machinery and piping systems
and reestablishing a source of electrical power.
The casualty power system, developed as a
result of war experience, has proved to be one
of the most important damage control devices.
The casualty power system is a simple elec-
trical distribution system used to maintain a
source of electrical supply for the most vital
machinery. It is used to supply power only in
emergencies. The casualty power system is
discussed in chapter 20 of this text. '

DEFENSE AGAINST NBC ATTACK

The basic guidelines for defensive and pro-
tective actions to be taken in the event of nu-
clear, biological, or chemical (NBC) attack are
set forth in the Nucléar, Biological, andChemi-
cal Defense Bill contained in Shipboard Proce-
dures, NWP 50 (effective edition). Aboard ship,
the engineer oiiicer is responsible for main-
taining this bill and ensuring that it is current
and ready for immediate execution. _

NBC defense measures may be divided into
two phases: (1) preparatory measures taken in
anticipation of attack, and (2) active measures
taken immediately following an attack.

Preparatory measures to be taken before
an attack include the following:

1. Thorough indoctrination and tralning of
ship’s force.

. 2., Removal - of material that may constitute
contamination hazards.

- 8. Masking of personnel who may be exposed
(and of other personnel, as ordered).

4. Establishment of ship closure, including
closing of CIRCLE WILLIAM fittings.

5. Donning of protective clothing by exposed
personnel, as ordered.

6. Evasive action by the ship.

7. Activation of water washdown systems.

Active measures to be taken immediately
following an attack incjude the following:

1. Evasivée and selt-protectlve action by
personnel.
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2, Evacuation and remanning of exposed sta-

~ tions, as ordered.

3. Decontamination of personnel.

4, Detection and prediction of contaminated
areas.

5. Ventilation of contamlnated spaces, as
soon as the ship is in a clean atmosphere.

It is obvious that NBC defense is an enor-
mously complex and wide-ranging subject, and
one in which policies and procedures are sub-
ject to constant change. The present discussion
is limited to a few aspects of NBC defense that
are of primary practical importance aboard
ship. More detailed information on all aspects
of NBC defense may be obtained from chapters
9770 and 9900 of the Naval Ships Technical
Manual and from Disaster Control (Ashore and
Afloat), NavPers 10899-B.

PROTECTIVE CLOTHING

There are three types of clothing that are
useful in NBC defense: permeable, impregnated,
protective clothing, foul weather clothing, and
ordinary work clothing.

Permeable protective clothing is supplied to
ships in quantities sufficient to outfit 25 percent
or more of the ship’s compliment. Permeable
clothing is olive green in color. A complete
outfit includes impregnated socks, gloves,
trousers with attached suspenders, and jumper
(parka) with attached hood. Permeable clothing
is treated with a chemical agent thatneutralizes
chemical agents; a chlorinated paraffin is used
as a binder. The presence of these chemicals
'gives the permeable clothing a slight odor of
chlorine and a slightly greasy or clammy feel.
It is believed that the impregnation treatment
should remain effective from 5 to 10 years (or
possibly longer) if the clothing is stowed in
unopened containers in a dry place with cool or
warm temperatures and if it is protected from
sunlight or daylight.

Permeable protective clothing should not be
worn longer than necessary, especially in hot
weather; prolonged wearing may cause & rash
to develop where the skin comes in contact with
the impregnated material,

Foul weather clothing of stock issue serves
to protect ordinary clothing and the skin against
. penetration by liquid chemical agentsand radio-
‘active particles. It also reduces the amount of
vapor that penetrates to the skin. Foul weather
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Chapter 4~PREVENTIVE AND CORRECTIVE DAMAGE CONTROL

clothing, which includes a parka, trousers,
rubber boots, and gloves, is easily decontami-
nated.

Ordinary work clothing (including long under-
wear, field socks, coverall, field boots, and
watch cap) is partially effective in preventing
droplets of liquid chemical agents and vapors
from reaching the skin. However, ordinary work
clothing is not as effective as the other types
of clothing in preventing contamination. Under
some conditions, personnel may wear twolayers
of ordinary work clothing to achieve greater
protection than can be obtained with one layer.

PROTECTIVE MASKS

The protective mask is a very important
item of protective equipment, since it protects

~ such vulnerable areas as the eyes, the face, and

the respiratory tract, The protective mask pro-
vides protection against NBC contamination by
filtering the air before it is inhaled.
. In general, all protective masks operate on
the same principles. As the wearer inhales, air
is drawn into a filtering system. This system
consists of a mechanical filter which clears the
air of solid or liquid particles and a chemical
filling (usually activated charcoal) whichabsorbs
or neutralizes toxic and frritating vapors. The
purified air then passes to the region of the
mask, where it can be inhaled, Exhaled air is
expelled from the mask through an outlet valve
which 18 so0 constructed that it opens only to
permit exhaled air to escape.

Protective masks do not afford protection
against ammonia or carbon monoxide, nor are

they effective in confined spaces where the .

oxygen content of the atmosphere is too low
(less than about 16 percent) to sustain life.
When it is necessary to enter spaces where
there is a deficiercy of oXygen, the Navyoxygen
breathing apparatus (OBA) is used,

DETECTION OF NEC CONTAMINATION
The very nature of NBC contamination makes

- detection and {identification difficult. Nuclear
radiation cs.not be seen, heard, felt, or other-

wise percelved through the senses. Biological
agents are small in size and have no charac-
teristic color or odor to help in identification.

Although some chemical agents do have a char-

acteristic color and odor, recently: developed
nerve agents are usually colorless and odorless.

It is obvious, then, that with contamination
which cannot be seen, smelled, felt, tasted, or
heard, specialized metnods cl det:ction are
requirzd. Mechanical, chemical, and electronic
devices are availatle or under development for
the detection of NBC cuntaminatina.

Detection of Nuclear Radiation

The instruments used for u-tecting radio-
iogical contamination are lmown ax radiacs,
the name being an .abbreviation of radiation,
detection, indication, and computation. Various
types of radiacs ure¢ used aboar ¥ ship and at
shore stations, since no single tvpe of radiac
can make all the radiological measurements
that may be required.

The radiacs used aboard ship iuclude (1)
intensity meters for measuring gamma radia-
tion; (2) intensity meters for measuring beta
and gamma radiation; (3) survey meters for
measuring alpha radiation; and (4) dosimeters
for measuring accumulated doses of radiation
recelved by individuals. ‘rhese basic types of
radiacs are described briefly here. Specific
information on operating principles anddetailed
instructions for operating the instruments may
be obtained from the manufacturer’s technical
manual furnished with each instrument.

GAMMA METERS.—Intensity meters for
measuring gamma radiation include both port-
able instruments and fixed systems installed
aboard ship. The intensity of gamma radiation

is measured in roentgens per hour (r/hr) or in
milliroentgens per hour (mr/hr). The roentgen

- 18 a unit of measurement for expressing the

amount of gamma radiation or X-ray radiation.
A milliroentgen is 1/1000 ofa roentgen. Radiacs
used for measuring large amounts of gamma
radiation are called high-range intensity meters;
these instruments are usually calibrated in
roentgens per hour. Radiacs designed formeas-
uring smaller amounts of gamma radiation are
called ' low-range intensity meters; they are
usually ciﬂ'nra{ﬁ in miliiroentgens per hour.
Both high-range and low-range instruments are
likely to have several scales; a range selector

switch allows selection of the appropriate scale
for each monitoring survey.

- BETA AND GAMMA METERS.~Intensity
meters which measure gamma radiationand also
detect or measure beta radiation are usually of
the Geiger-Mueller type. These instruments can
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PRINCIPLES OF NAVAL ENGINEERING

measure gamma radiation alone or they can
measure combined gamma radiation and beta
radiation; an indirect measure of beta radiation
can be obtained by subtracting thegamma radia-
tion from the gamma-beta radiation.

ALPHA SURVEY METERS.—Meters for
measuring alpha radiation are usually calibrated
to give a meter reading in counts per minute
(¢/m, or cpm). However, some alpha survey
meters give a reading in a unit called disinte-
grations per minute (d/m). The two units are
not the same numerically.

DOSIMETERS.~There are two basic types
of dosimeters. Self-reading dosimeters can be
read by the person wearing the instrument.
Nonself-reading dosimeters cannot be read

directly by the wearer but must be read with the
ald of special instruments. Some dosimeters
are calibrated in roentgens, others in milli-
roentgens. Both seli-reading and nonself-read-
ing dosimeters measure exposure to radiation
over a period of time—in other words, they
measure accumulated radiation exposure.
Self-reading dosimeters are provided In
various ranges for useby personnel aboard ship.

Some of these self-reading dosimeters indicate

accumulated gamina radiation from 0 to 200 mr;
others indicate doses from 0 to 100 r; others
from 0 to 200 r; andstill othersfrom 0 to 600 r.
The dosimeter selected for any particular use
will depend on the radiological situation existing
at the time. Self-reading dosimeters must be
charged before they areused. A special charging
unit is furnished for shipboard use.

High-range nonself-reading dosimeters of
the DT-60/PD type are furnished for use aboard
ship. A dosimeter of this type consists of a
special phosphor glass between lead filters,
encased in a bakelite housing. The dosimeter,
which is smz1l, lightweight, and rugged, isworn
on a chain arcund the neck. This dosimeter will
measure accumalated doses of gamma radiation
from 25 r to 600 r. A special instrument, the
CP-95/PD computer-indicator, is required to
read the DT-00/PD dosimeter.

Film badge dosimeters are nonself-reading
devices for measuring both gamma radiation
and beta radiation in low or moderate ranges.

A film badge uses a special photographic film

which is surrounded with mgisture-proof and

light-proof paper and shielded with lead, cad-

mium, plastic, or other shielding -material. By
the use of different shielding materials, the badge

can be made to differentiate between gamma
radiation and beta radiation. Laboratory tech-
niques are required for the development and
reading of the film.

Detection of Biological Agents

Basically, there are two possible approaches
to the problem of detecting biological agents.
Physical detection is based on the measurement
of particles within a specified size range (and
possibly the simultaneous measurement of other
physical properties of the particles). Research
is currently being done with a view to develop-
ing effective methods of physical detection.
Biological detection involves growing the or-
ganisms, examining them under a microscope,
and subjecting them to a variety of biochemical
and biological tests. Although positive identifi-
cation can frequently be made by biological
detection methods, the procedure is difficult,
exacting, and relatively .slow. By the time a
biological agent has been detected and idsntified
in this fashion, personnel may well be showing
symptoms of illness.

Biological detection may be divided into two
phases: the sampling phase and the laboratory
phase. The sampling phase may be a joint re-
sponsibility of damage control personnel and of
the medical department. The laboratory phase
is obviously a medical department responsibil-

ity.
Detection of Chemical Agents

Various detection devices have been devel-

' oped for the detection and identification of
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chemical agents. Most of these devices indicate
the presence of chemical agents by color changes
which are chemically produced. To date, no
single -detector has been developed which is
effective under all conditions for all chemical
agents. A number of devices, including air
sampling Kkits, papers, crayons, silica gel tubes,
and indicator solutions, are in naval use. Some
of these devices are also useful in establishing
the completeness of decontamination and in es-
timating the hazards of operating in contami-
nated areas.

MONITORING AND SURVE YING

‘The monitoring and surveying of any area
contaminated with NBC contamination is a vital
part of NBC defense. In general, monitoring
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and surveying are done for the purposes of
locating the hazards, isolating the contaminated
areas, recording the results of the survey, and
reporting the findings through the appropriate
chain of command. .
Specifically, the purpose of a radiological
monitoring survey is to determine the location,

.type, and intensity of radiological contamination.

The type of monitoring survey made at any

. given time depends on the radioldgical situation

and on the tactical situation. Gross or rapid
surveys are made as soon as possible after a
nuclear weapon has been exploded, to get a

general idea of the extent of ‘contamination.

Detailed surveys are made later, to obtain a
more complete picture of the radlologlcal situ-
atlon

- Aboard shlp, two main types of radiological
surveys would be required after a nuclear
attack. Ship surveys (first gross, then detailed)
include surveys of all weather decks, interior
spaces, machlnery, circulating systems, equip-
ment, -and -so forth. Personnel safety surveys
(usually detailed) are concerned with protecting
personnel from skin contamination and internal

‘contamination. Personnel safety surveys in-

clude the monitoring of skin, clothing, food, and
water and the measurement of concentratlons of

ship surveys and personnel safety surveys are
made aboard ship by members of the damage

contg’ol organlzatlon. The medical department
makes clinical tests, maintains dosage records, -
- and makes :specific recommendations concern-

ing the monitoring of food, water, air, etc.; but
the “actual surveys are made by damage control

- personnel of the engineering department, :
.. Detailed instructions for making monitoring
- surveys cannot be specified for all situations,

since 'a great.many factors (type ship, dlstance

from ‘blast, - extent of damage, tactical situa-
tion, etc.) must necessarily be considered be-

fore monitoring procedures can be decided upon,

. However, certain:basic guidelines that apply to
: monltoring sltuatlons may be stated as follows'

: 1. Monltors must be. thoroughly trained be- U
fore the: need for. monltoring arises, Learningto
. ‘»operate radiacs takes time. Slmulatedpractlce- i
- as, for. example, ‘walking through.a drill using
- a block ‘of wood to’ representa radiac-may teach . .
‘a man somethlng about the genéral movements .

monitoring operations must be given adequate

instruction and training in the use of the avail-

able radiacs.

2. Standard measuring techniques must be
used. A measurement of radiation is meaning-
less unless the distance between the source of
radiation and the point of measurement is known.
For example, a radiac held 2 feet away from a
source of radiation will indicate only one-fourth
as much radiation as the same instrument
would indicate if it were held 1 foot away from
the same source. A radiac held 3 feet from the
source will indicate only one-ninth as much
radiation as when it is held 1 foot from the
source. As may be seen, therefore, the distance
between the source of radiation and the radiac
must be.known before the radiac reading can
have any significance.

- 3. All necessary informatlon must be re-
carded and reported. The information obtained
by monitoring parties is forwarded to damage
control central, where the measurements are

. plotted according to location and time. In order

to develop an accurate overall picture of the
radiological condition of the ship, -damage con-

trol central must have precise and complete

information from all monitoring parties. Each

- monitoring party must record and report the
* radioactive material in the air (aerosols). Both w’

object or area monitored,. the. location of the

. object or area in relation to somie fixed point,
~ the intensity and type of radiation, the distance

between the radiac and the source of radiation,
the time and date of the measurements, the name
of the man in charge of the monitoring party
(or other identification of the party), and the
type and serial number of the instrument used.

- CON'I‘AMINA"I’ION MARKERS

A standard system for marking areas con-
‘taminated’ by nuclear, biological, or chemical

contamination has been adopted by nations in-

*‘cluded in the North Atlantic Treaty Organiza-
. tion, These standard survey markers are illus- -
trated in flgure 4-8." .

NBC DECONTAMINATION "

. " The baslc purpose “of decontamlnatlon is to_
- minimize NBC contaminatlon through removal

or neutralizatlon S0 that the’ ‘mission of the ship

" or activity ‘can. be carrle¢.out without endanger- .-
-ing: the life-or health of assigned personnel. The
pu'rpose of ‘radiological decontamination is to
.. remoye contaminatlon and shleld personnel who




PRINCIPLES OF NAVAL ENGINEERING

NATO COUNTRIES INCLUDING UNITEd STATES

FRONT ‘ BACK

CHEMICAL | . * DATE AND TIME
OF DETECTION

NAME OF AGENT,
IFKNOWN

BIOLOGICAL DATE AND TIME

OF DETECTION
NAME OF AGENT,
IFKNOWN

" RADIOLOGICAL DOSE RATE

- DATE AND TIME

OF READING

| . DATE AND TIME

. Y X o OF BURST,

USE OF TREFOIL & : IFKNOWN
IS OPTIONAL B :

'CURRENTLY USED WITHIN UNITED STATES
L o R - DOSE RATE.
DATE AND TIME
OF READING
‘DATE AND TIME
| OF BURST,
" IFKNOWN

- caame

S e
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are required to work in contaminated areas.
The purpose of biological decontamination is to
destroy the biological agents. The purpose of
chemical decontamination is to remove or neu-
tralize the chemical agents so that they will no
longer be a hazard to personnel.

Decontamination operations may be both dif-
ficult and dangerous, and personnel engaged in
these operations must be thoroughly trained in
the proper techniques. Certain operations, such
as the decontamination of food and water, should
be done only by experts qualified in such work.
However, all members of a ship’s company
should receive adequate training in the elemen-
tary principles of decontamination so that they
can perform emergency decontamination oper-
ations.

After an attack, data from NBC surveys will
be used to determine the extent and degree of
contamination. Contaminated personnel must be
decontaminated as soon as possible. Before
decontamination of installations, machinery, and
gear is undertaken, appraisals of urgency must
be made in light of the tactical situation.

Radiological Decontamination

‘Radiological decontamination neither neu-
tralizes nor destroysthe contamination; instead,
it merely removes the contamination from one
particular area and transfers it to an area in
which it presents less of a hazard. At sea,
radioactive waste is disposed of directly over
the side. At shore installations, the problem is
more difficult.

Several methods of radiological decontami-

nation have been developed; they differ in effec-
tiveness in removing contamination, in appli-
cability to given surfaces, and in the speed with
which they may be applied. Some methods are
particularly - suited for rapid gross decontami-

nation; others are better sutted for detailed
decontamination. ,

GROSS DECONTAMINATION.—The purpose

- of gross decontamination is to reducethe radia-

tion intensity as quickly as: posstble to a safe
level—or.at 1least to a levei which will be safe
for ‘a limited period of time. n gross ‘decon-"
taminatton, speed is the major conetderatton

Fluehing ‘with' water} preferably water’ under
htgh pressure, is the-‘most practicable way of
accomplishing: gross -decontamination. Aboard

ship; ‘a-water:washdown’ aystem ts  used 'to- ‘wash

down an the shtp's surfaces, from htgh to low. .

and from bow to stern. The washdown system
consists of piping and a ser'es of nozzles which
are specially designed to throw a large spray
pattern on weather decks and other surfaces.
The washdown system is particularly effective
if it is activated before the ship is exposed to
contamination; a film of water covering the
ship’s surfaces keeps the contaminating mate-
rial from sticking to the surfaces. Figure 4-9
shows a water washdown system in operation.
Manual methods may be used to accomplish
gross decontamination, but they are slower and
less effective than the ship's washdown system.
Manual methods that may be used by ship’s
force include (1) firehosing the surfaces with
salt water, and (2) scrubbing the surfaces with
detergent, firehosing the surfaces, and flushing
the contaminating material over the side, Figure
4-10  shows men performing gross decontami-

- nation operations by manual scrubbing.

Steam is also a useful agent for gross de-
contamination, particularly where it is neces-
sary to remove greasy or oily films. Steam
decontamination is usually followed by hosing
with hot water and detergents,

» DETAILED DECONTAMINATION.—As time
and facilities permit, detailed decontamination
is carried out. The main purpose of detailed
decontamination is to reduce the contamination
to such an extent that only a minimum of
radiological hazard to personnel would persist.

Three basic methods of detailed decontami-
nation may be used—surface decontamination,
aging and sealing, and disposal. Each of these
methods has a specific purpose; one method can

often be used to supplement another. Surface .

decontamination reducesthe contamination with-
out destroying the utility of the object. In aging
and sealing, radioactivity is allowedto decrease
by natural decay and any remaining contamina-
tion is then sealed ontothe surface. The disposal’
method merely consists of removing contami-
nated objects and materials to a place where
they can do ltttle or no harm,

Biological Decontamtnatton

The methods available for btologtcal decon-
tamination include scrubbing, flushing, heating,
and the use. of disinfectant sprays, disinfectant
vapors, and sterilizing gases. The method to be
used in any particular case depends upon the
nature of the area: .or equipmient to be decon-
“taminated -and upon the nature of the agent (if
this is- known) . e
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Flgure4-9.-w_ater washdown system in operation.

Chemical Decontamination

The major problem in chemical decontami-
nation is to decontaminate successfully after an
‘attack by any of the blister or nerve agents.
The general methods used in chemical decon-
tamination include natural weathering, chemical

-action, the use of heat, the use of sealing, and

physical removal.
Natural weathering relles on the effects of
sun, rain, and wind to dissipate, evaporate, or

decompose chemical agents. Weathering is by -

far the simplest and most widely applicable
method of chemical decontamination; in some
cases, it offers the only practicable means of
neutralizing the effects of chemical agents,

particularly where large areas are contami- -,
- nated.
Decontamination by chemical actioninvolves .

a chemical reaction between the chemical agent
and the chemical decontaminant. The reaction
usually results in the formation of a harmless
new compound or a compound which can be
removed more easily than the original agent.

Neutralization .of chemical agents can result

from chemical reactions of ,o0xidation, chlorina-
tion, reduction, or hydrolysts.

Expendable objects or objects of little value '
may be burned if they become contaminated. °

This procedure should not “be used except as an

emergency measure or as a means of disposing
of material which has been highly contaminated.
If this. method is used, a very hot fire must be
used. Intense heat 18 necessary for destruction
of chemical agents; moderate or low heat may
serve only to volatilize the agent and spread it
by means of secondary aerosols. When a large
amount of highly contaminated material isbeing
burned, downwind areas may containa dangerous

8. lOO
Flgure 4-10, -Decontamlnation by manual
' scrubbtng.
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concentration of toxic vapors; personnel should
be kept away from such areas.

Hot air may be blown over a contaminated
surface to decontaminate it. Steam, especially
high pressure steam, is also a useful decon-
taminating agent; the steam hydrolyzes and
evaporates chemical agents and flushes them
from the surfaces. Chemical decontamination
may also be accomplished by sealing off porous
surfaces to prevent the absorption of chemical
agents or to prevent volatilization of agents al-
ready on the surface.

Decontamination can also be effected by
physically removing the toxic agents from the
contaminated surfaces. This can be done by

washing or flushing the surfaces with water, -

steam, or various solvents, Figure 4-11 shows

a decontamination party hosing downa gun mount

in order to physically. remove toxicagents.
DAMAGE CONTROL PRECAUTIONS

The urgent nature of damage control oper-
ations can lead to a dangerous neglect of neces-
sary safety precautions. Driven by the need to
act rapidly, men sometimes take chances they
would not even consider taking inless hazardous

situations. This is unfortunate, since there are
few areas in which safety precautions are as-

important as they are indamage control. Failure

to observe safety precautions can lead-and, in

fact, has led—to the loss of ships.. ' =~ . ©
Beeause damage control includes so many

- operations and involves the ‘use of so many. . .
~ items of equipment, it is not feasible to list all -

the detailed. precautions that must be observed.
Some of the basic -precautions. that. apply to

practically all. damage control work‘ are noted v

briefly in the following’ paragraphs.

-No one should be allowed to take any action‘
to control: fires, floodlng ‘or ‘other damage until -
-the situation has been investigatedand analyzed.
Although speed.is essential for effective damage :
control, correct action is. even more important;
The - extent of damage ‘must’ not ‘be.under-
estimated. It is always necessary to remember
that hidden damage may ‘be “even more severe:"-"
than visible damage, Very real da.ngers .may -

exist from damage which is.

just above the waterline may appear to be rela-
tively. mlnor, but they have been lmown to sink
a ship. T .

P

t glving imme-
diate trouble. For example, small holes ator. -

It is extremely dangerous to assume that
damage has been permanently controlled merely
because fires have been put out, leaks plugged,
and compartments dewatered. Fires may flare
up again, plugs may work out of holes, and
compartments may spring new leaks, Constant
checking is required for quite some time after
the damage appears to be controlled.

Doors, hatches, and other accesses should
be kept open only as long as necessary while

- repairs are being made, Wartime records of

naval ships show many cases of progressive
flooding which were the direct result of fallure
to close doors or hatches.

No person should attempt to be a one-man

damage control organization. All damage must -

be reported to damage control central ortoa
repair party before any individual action is
taken. The damage control organization is the
key to successful damage control. Separate,
uncoordinated actions by individual men may
actually do more harm than good.

‘Many actions taken to control damage can
have a definite effect on ship’s characteristics
such as watertight integrity, stability, -and
weight and moment. The dangers involved in

' pumping- large quantities of water into the ship

to combat fires should beobvious. Less obvious,
perhaps, is the fact that the repair of structural
damage may also affect the ship’s character-
istics. For example, the addition of high or off-
‘center weight produces the same general effect
as high or off-center solid-flooding.

While most repairs made in action would not
amount ‘to much in terms of weight shifts or
additions, it is possible that a number of rela-

- tively small changes:could add up sufficiently
.. to endanger an already damaged and unstable
-~ ship. ‘The only way to control this kind of hazard
is by making sure that all damage control per-.
" sonnel report fully and accurately to damage
~control central. Ship stability problems are

worked out in damage control central, but the
information must come from repair personnel.

" In .all aspects of damage control, it is im-

portant to make full use of all available devices
““for the detection of hazards. Several types of
.-instruments are available ‘on most ships for
‘detecting dangerous concentrations of explosive,
" flammable, toxic, ‘or asphyxlatlng gases, Per-
"sonnel should be trained to use these devices
. before ‘ entering potentially hazardous compart-
.. ments or spaces. :
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PART II-BASIC ENGINEERING THEORY

Chapter 5 Fundamentals of Ship Propulsion and Steering
Chapter 8 Theory of Lubrication

Chapter 7 Principles of Measurement

Chapter 8 Introduction to Thermodynamics

’ -

We cannot proceed very far in the study of naval engineering without
realizing the need for basic theoretical knowledge in many areas. To
understand the functioning of the machinery and equipment discussed in
later parts of this text, we must know something of the principles of me-
chanics, the laws of motion, the structure of matter, the behavior of mole-

~cules and atoms and subatomic particles, the properties and behavior of
solids and liquids and gases, and other principles and concepts derived
from the physical sciences,

" Chapter 5°takes up the fundamentals of resistance, the development
and transmission of propulsive power, and the principles of steering. The
remaining three chapters of part II deal with basic scientific theory and

. engineering principles that have wide=indeed, almost unlversal—appnca-
tion in the field of naval engineering. Chapter 6 is concerned with lubwri-
cation, a subject of vital importance in practically all machinery and
equipment, Chapter 7 takes up the principles of measurement and dis-
cusses basic types of measuring devices. Chapter 8 provides an introdiuc-
tion to some of the most fundamental concepts of energy and ene: gy

transformations, thus establishing a theoretical basis for much of the
subsequent discussion of shipboard machineryand equipment. Theoretical
consiiderations of a more specialized nature are discussed in other chap-

ters throughout the text, as they are required for an understanding of the

" .2 particular machinery or equipment under discussion.
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CHAPTERS

FUNDAMENTALS OF SHIP PROPULSION AND STEERING

The ability to move through the water and the
ability to control the direction of movement are
among the most fundamental of all shiprequire-
ments. Ship propulsion is achieved through the
conversion, transmission, and utilization of
energy in a sequence of events that includes the
development of power in a prime mover, the
transmission of power to the propellers, the de-
velopment of thrust on the working surfaces of
the propeller blades, and the transmission of
thrust to the ship’s structure in such a way as
to move the ship through the water. Control of
the direction of movement is achieved partially
by steering devices which receive their power

from steering engines and partially by the ar-
rangement, speed, and direction of rotation of
the ship’s propellers.

This chapter is concerned with baelc prin-
ciples of ship propulsion and steering and with
the propellers, bearhigs, shafting, reduction
gears, rudders, and other devices required to
move the ship and to control its direction of
movement. The prime movers which are the
source of propulsive power are discussedinde-
tail in other chapters of thistext, andare there-
fore mentioned only briefly in thle chapter.

RESISTANCE

The movement of ‘a ship through the water
requires the expenditure of sufficient energy to
overcome the resistance of the water and, to a
lesser extent, the-resistance of the air, The
components of resistance may be considered as
(1) skin or frictional resistance, (2) wave-making
reslstance, (3) eddy restatance, and (4) air re-
sistance.

Skin or frlctlonal reslstance occ '8 becauee .

liquid partlcles In contact with the ship are car-

ried along wi {a.n th the ship, while liquid partlcles_'f' ﬁ
ce

* -a short dis away are moving at muchlower
.velocities. Frlctlonal reﬁlstance ls therefore

the result of fluid shear between adjacent layers
of water. Under most conditions, frictional re-
sistance constitutes a large part of the total re-
sistance.

Wave-making resistance results from the
generation and propagation of wave trains bythe
ship inmotion, Figure 5-1 illustrates bow, stern,
and transverse waves generated byaship in mo-
tion. When the crests of the waves make an ob-
lique angle with the line of the ship’s direction,
the waves are known as diverging waves. These
waves, once generated, travel clear of the ship
and give no further trouble. The transverse
waves, which have'a crest line at a 80° angle to
the ship’s direction, donot have visible, breaking
crests. The transverse waves are actually the

~ invisible part of the continuous wave train which

includes the visible divergent waves at the bow
and stern. The wave-making resistance of the
ship is a resistance which must be allowed for
in the design of ships, since the generation and
propagation of wave trains requires the expend-
iture of a definite amount of energy.

Eddy resistance occurs when the flow linesdo
not close In behind a moving hull, thus creating
a low pressure area inthe water behlndthe stern
of the ship. Because of this low pressure area,
energy is dissipated as the water eddies. Most
ships are designed to minimize the separation of
the flow lines from the ship, thus minimizing eddy

resistance. Eddy reslstance is relatively minor-
-in naval ships.

Air resistance, although small also reduires

the expenditure of some energy. Atr resistance

may be considered as frictional resistance and
eddy resistance, wlth most of it being eddy re-

_8istance.

THE DEVELOPMENT AND TRANSMISSION
OF PROPULSIVE POWER

. Figure 5-2 tllustrates the general principles
of shlp propulelon and shows the functional
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Figure 5-1.—-Bow, stern, and transverse waves,

relationships of the units required for the de-
velopment and transmission of propulsive power.
The geared-turbine installation is chosen for this
example because it is the propulsion plant most -
commonly used innaval service today. The same
basic principles apply to all types of propulsion
plants,

. ‘The units directlyinvolved inthe development
and transmission of propulslye power are the

prime mover, the shaft, the propelling device,
and the thrust bearing, The various bearings
used to support the shaft and thereduction gears
(in‘this installation) may be regarded as neces-
sary accessories,

The prime mover provides the mechanical
energy required to turn the shaft and drive the
propelling device. The steam turbines shown in
figure 5-2 constitute the prlme mover of this
installation; in other uwicMations the prime
mover may be a diesel enginc. a gas turbine
engine, or a tvrbine-driven gene: tor,

The propulsion shaft provides a means of
transmitting mechanical energy fro.u the prime
mover to the propelling device and t'-ansmitting
thrust from the propelling device tu the thrust
bearing.

The propelling device imparts velocity to a
column of water-and moves it in the direction
opposite to the direction in which it is desired
{o move the ship. A reactive force (thrust) is
thereby developed against the velocity-in'parting
device; and this thrust, when transmitted to the
ship’s structure, causesthe shiptomove through
the water. In essence, then, we may think of
propelling devices as pumps which are designed
to move a column of water in order to build up
a reactive force sufficient to move the ship. The
screw propeller is the propelling devlce used
on practically all naval ships.

The thrust bearln% absorbs the axial thrust

A that is developed on the propeller:and trans-

mitted through the shaft. Since the thrust bearing
is firmly fixed inrelation to the ship’s structure,
any .thrust developed on the propeller must be
transmitted to the shin in such awayas to move
the ship through the water. -

) : ‘ THRUST
BEARING

LINE SHAFT HIGH

/ - PRESSURE

~- - _;
o WATER.
=" coLuw
- ———— B
STERN TUBE
PROPELLER BEARING
"DIRECTIONOF .
'REACTIVEFORCE * = .-
, (THRUST) . - . . B . .. .. .

" MAIN I TURBINE
et REDUCTION Low
: . GEAR - PRESSURE
- TURBINE

Figure 5_'-2.'—'Prixi¢lples of -s'h_lp'lproptnslon. -
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The purpose of the bearings which support
the shaft is to absorb radial thrust andto main-
tain the correct alignment of the shaft and the
propeller.

The reduction gears shown in figure 5-2 are

used to allow the turbines to operate athigh ro- -

tational speed while the propellers operate at
lower speeds, thus providing for most efficient
operation of both turbines and propellers.

The propellers, bearings, shafting, and re-
duction dgears which are direcily or indirectly
involved in the development and transmission of
propulsive power are considered in more detail
following a general discussionof power require-
ments for naval ships.

POWER REQUIREMENTS

The power output of a marine engine is ex-
pressed in terms of horsepower. One horse-
power is equal to 550 foot-pounds of work per
.8econd or 33,000 foot-pounds of work per minute,
Different types of engines are rated in different
kinds of horsepower. Steam reciprocating en-
gines are rated interms of indicated horsepower
(IHP); internal combustion engines are usually
rated injterms of brake horsepower (BHP); and

steam turbines are rated interms of shaft horse- -

power (SHP),

Indicated horsepower is the power measured

in the cylinders of the engine,

Brake horsepower is the power measured at
the crankshaft coupling by means of a mechani-
cal, hydraulic, or electric brake.

Shaft horsepower is the power transmitted
through the shaft to the propeller. Shaft horse-
power can be measured witha: torsionmeter; it
can also be determined by computation, -Shaft
horsepower may ‘vary from time to time within
the same plant; for example, a plant that de-
velops 10,000 :shaft horsepower at 100 rpm on
one occaslon may develop 12,000 shaft horse-
power at the same rpm onanother occasion. The

- difference occurs because of variations in the

condition of the bottom, the draft of the ship, the

state of the sea, and other factors. Shafthorse-.

: power may be determlned by the formula -
- 21rNT :
7, sHP: 33,000
where .- .
- SHP shaft horeepower

:-wlth torslonmeter

: torque (ln foot-pounds) meaeured 'A
S Lo peller etﬂclency and the hull efﬂclency.

The amount of power which the propelling
machinery must develop in order to drivea ship
at a desired speed may be determined by direct
calculation or by calculations based onthe meas-
ured resistance of a model having a definite size
relationship to the ship.

- When the latter method of calculating power
requirements is used, ship models are towed at
various speeds in long tanks or basins, The most
elaborate facility for testing models in this way
is the Navy’s David W. Taylor Model Basin at

Carderock, Maryland, The main basin is 2795 -

feet long, 51 feet wide, and 22 feet deep. A
powered carriage spanning this tank and riding
on machine rails is equipped to tow an attached
model directly below it. The carriage carries
instruments to measure and record the speed of
travel and the resistance of the model. From
the resistance, the effective horsepower (EHP)
(among other things) may be calculated, Effective
horsepower is the horsepower required to tow
the ship. Therefore,

R 8080V

_Rreo
EHP = 33,000

where .
R,r = tow rope resistance, ln pounds
V 2 speed, in knots
The speed in knots is faultiplied by 6080 to

convert it to feet per hour, and is divided by 60
to convert this to feet per minute. We have then

6080 RV '
80 6080 RV
EHP =33500 ~ 80,33, ooo

_608 R,V 608 R
633000 98x1(;%_\

= 3.0707 x 10-3 R oV’
=0, ooso':o7 R v

The relatlonehlp between effectlve horse-
power and' shaft horsepower is called the pro-

ulsive ‘efficiency - or the propulsive coefficient
of the ship. Tt is ‘equal tothe product of the pro-

R AL 3.\\1:@:-?-“\;;
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Variation of hull resistance at moderate
speeds of any well-designed ship is approxi-
mately proportional to the square of the speed.
The power required to propel a ship is propor-
tional to the product of the hull resistance and
speed. Therefore, it follows that under steady
running conditions, the power required to drive
a ship is approximately proportional to the cube
of propeller speed. While this relationship is

- not exact enough for actual design, itdoes serve

as a useful guide for operating the propelling
plant,

Since the power required to drive a ship is
approximately proportional to the cube of the
propeller speed, 50 percent of full power will
drive a ship at about 79.4 percent of the maxi-
mum speed attainable when full power is used
for propulsion, and only 12.5 percent of full power

18 neededfor about 50 percent of maximum speed.

The relation of speed, torque, and horse=-
power to ship’s resistance and propeller speed
under steady running conditions can be expressed
in the following equations:

Sz k, x (rpm)
T=ky X (-rpm)2

" 2ak2
shp a2 33, ooox (rpm)

where ' .
S =shlp’s speed, in knots

T = torque required to turn propeller, ln
foot- ounds :

shp = shalft horsepower
rpm propeller revolutions per mlnute
1, k2 proportlonallty tactors

The proportlonallty factors depend on many

conditions such as displacement, trim, condition |

of hull and propeller with respect to fouling,

‘depth of water, sea and wlnd conditions, and the
_ -position of the shlp. Condltlons that increase
~ the resistance of the shlp to motlon cause k1 to

be smaller a.nd kg. to be:larger.: - .
e proporyonallty tactors

. k1 and kg can be.considered as beingreasonably '

constant,’ In_ rough seas, however, a ship s sub-
; ( d

impact which cause these factors to fluctuate
over a considerable range, It is to be expected,
therefore, that peak loads in excess of the loads
required in smooth seas will be imposed on the
propulsion plant to maintain the ship’s rated
speed. Thus, propulsion plants are designed with
sufficient reserve power tohandle the fluctuating
loads that must be expected.

There is no simple relationship for determin-
ing the power required to reverse the propeller
when the ship is moving ahead or the power re-
quired to turn the propeller ahead when the ship
is moving astern. To meet Navy requirements,
a ship must be ahle to reverse from full speed
ahead to full speed astern within a prescribed
period of time; the propulsion plant of any ship
must be designed to furnish sufficient power for
meeting the reversing specifications.

PROPELLERS

The propelling device most commonly used
for naval ships is the screw propeller, so called
because it advances through the water in some-
what the same way that a screw advances through
wood or a bolt advances when it is screwed into
a nut, With the screw propeller, as witha screw,
the axial distance advanced with 2ach complete
revolution is known as the pitch. Thepath of ad-
vance of each propeller blade section is approx-
imately helicoidal.

There is, however, a dlfference between the
way a screw propeller advances and the way a
bolt advances in a nut. Since water isnot a solid
medium, the propeller slips or skids; hence the
actual distance advanced in one complete revo-
lution is less thanthe theoretical advance for one
complete revolution. - The difference betweenthe
theoretical and the actual advance per revolution
is called the slip. Slip is usually expressed as
a ratio of the theoretical advance per revolution
(or, in other words, the pltch) and the actual ad-
vance per revolution, ’l‘ﬁ

Sllp ratio = EE A

where

E = shaft rpm x pitch =’engine distance per
minute

Az actual dlsta.nce advanced per minute

, Screw propellers may be broadly classlﬂed'
" as fixed pitch- propellers or controllable pitch
- propellers, The pitch of a fixed pitch propeller

ant
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cannot be altered during operation; the pitch of
a controllable pitch propeller can be changed
continuously, subject to bridge or engineroom
control, Most propellers in naval use are of the
fixed pitch type, but some controllable pltch pro-
pellers are in service,

- A screw propeller consists of a hub and sev-
eral (usually three or four) blades spaced at
equal angles about the axis. Where the blades
are integral with the hub, the propeller is known
as a solid propeller. Where the blades are sep-
arately cast and secured to the hub by means of
studs and nuts, the propeller is referred to as
a builtup propeller,

Solid propellers may be further classified as
having constant pitch or variable pitch. Ina con=-
stant pitch propeller, the pitch of each radiusis
the same. Onavariable pitchpropeller, the pitch
at each radius may vary. Solid propellers of the
variable pitch type are the most commonly used
for naval ships.

Propellers are classifiedas being right-hand
or left-hand propellers, depending upon the di-

rection of rotation. When viewed from astern,

witls the ship moving ahead, a right-hand pro-
peller rotates in a clockwise dlrectlonandaleft-
hand propeller rotates in a counterclockwise
direction. The great majority of single-screw
ships have right-hand propellers. Multiple-
screw ships have right hand propellers to port.
Reversing the direction of rotation of a propeller
reverses the direction of thrust and consequently
reverses the direction of the ship’s movement;

Some of the terms used in connection with
.8crew propellers are .identified in figure 5-3,
The term face (or pressure face) identifies the
after side of the blade, when the ship is moving
ahead. The term back (or suction back) identi-
fies the surface opposite the face. As the pro-
peller rotates, the face of: the blade increases

the pressure..on the water near. it and gives the -

water a positive astern movement. The back of
the blade creates a low pressure or suction area
just ahead of the blade, The overall thrust is de-
rived from .the increased: water velocity which
results from the total pressure dlﬂerentlalthue
created, s
The _phof the blade is the polnt most dlstant
‘from th
where the blade arm joins the hub. The le

edge is the edge which first cuts the water when =
. the “ship.is-going ahead. The/‘tralllng edge-(algo .
- e) ls_ oppoeltetlie Ieadlngi

\called the followl

ub, . The. root of the: ‘blade’is the area. -

LEADING
EOGE

TRAILING LEADING

EOGE TRAILING

147.46
Figure 5-3,~Propeller blade,

not precisely perpendicular to the long axis of
the shaft,

Blade Angle
The blade angle (or pitch angle) of a pro-

peller may be defined as the angle included be--
tween the blade and a line perpendicular to the

_shaft centerline. If the blade angle were 0°, no

pressure would be developed on the blade face,

'If the blade angle were 90°, the entire pressure

would be exerted sidewise and none of it aft,
Within certain limits, the amount of reactive
thrust developed by a blade is a function of the
blg.de angle.

Blade Velocity

The sternward velocity impartedtothe water
by the rotation of the propeller blades is partially
a function of the speed at which the blades ro-
tate, In general, the higherthe speed the greater
the reactive thrust, :

However, every part of a rotatlng blade does
not give equal velocity to the water unless the
blade.is' specially designed to do this. For ex-
ample, consider the flat blade shown in figure
5-4, Points A and 2 move about the shaft center

- with' equal angular velocity (rpm) but with dif-

ferent instantariecus linear velocities,. Point Z

‘must move farther than point A to complete one

revolution; hence the linear veloclty at point Z

~* mustbe:greater than at point A, With the same
= pltch angle, therefore, polnt Z wlll exert more
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Figure 5-4.—Linear velocity
and reactive thrust,

pressure on the water and so develop more re-
active thrust than point A, The higher thelinear

veloeity of any part of a blade, the greater will

be the reactive thrust,

Real propeller blades are not ﬂatbutare de- -

signed with complex surfaces (approximately
helicoidal) to permit every infinitesimal areato
produce equal thrust. Since point Z hasahigher
linear velocity than point A, the thrust at point

. Z must be decreased by decreasing the pitch

angle at point Z, Point M, lying between points
Z and A, would have (on' a flat blade) a linear
velocity less than Z but greater than A, In a real

propeller, then, point M -must. be set at'a pitch -

angle which 'is greater than the -pitch angle at
point Z but less than the pitch angle at point A,
Since the linear veloclty of the parts of a blade
varies from root to tip,: and elnce it is desired
to have’ every infinitesimal area of the blade pro-

‘duce ‘equal thruet it s apparent thatareal pro-

peller must vary the ‘piteh angle from rootto tlp.

Propeller Slze

“ 7 “The slze of a propeller-that ls, the elze ofi
the area swept- by the blades—<has a definite ef-
yfect onthetotalthrust thateanbe developedon ,

14747

t

- trollable pitch propellers give a ship excellent
_ velop maxlmum thruet at any glven englne rpm.:

the propeller. Within certain limits, the thrust
that can be developed increases as the diameter
and the total blade area increase. Since it is
impracticable to increase propeller diameter
beyond a certain point, propeller blade area is

‘usually made as great as possible by using as

many blades as are feasible under the circum-
stances, Three-bladed and four-bladed marine
propellers are commonly used,

Thrust Deduction

Because of the friction between the hull and
the water, water is carried forward with the hull

. and is given a forward velocity, This movement

of adjacent water is called the wake. Since the
propeller revolves in this body of forward mov-
ing water, the sternward velocity given to the
propeller. is less than if there were no wake,
Since the wake is traveling with the ship, the
speed of advance over the ground is greater than
the speed through the wake,

At the same time, a propeller draws water
from under the stern of the ship, thus creating a
suction which tends to keep the ship from going
ahead. The increase in resistance that occurs
because of this_suction is known as thrust de-
duction.

Number and Location
of Propellers.

"~ A single propeller is located on the shlp 8
centerline as far aft as possible to minimizethe
thrust ceductionfactor. Vertically, the propeller
must b located deep enoughso that instill water
the blales do not draw in air but high enough so
that it can benefit from the wake, Thepropeller
must not be located 8o high that it will be likely
to'break the surface in rough weather, since this
would lead to racing and perhaps a broken shaft,

A twin-screw ship has the propellerslocated
one on each side, well aft, with sufficient tip
clearance to limit thrust deductlon. '

A quadruple-screw ship has the outboard
propellers located forward of and above the in~
board propellers, to avoid propeller stream in-
terference.

Controllable Pltch Propeners

Ae prevlously noted, controllable pitch pro-
pellers are in use on some naval ships, Con-

ma.neuverablllty and‘allow the propellers to de-
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A ship with controllable pitch propellers re-
quires much less distance for stopping than a
ship with fixed pitchpropellers. The controllable
pitch propellers areparticularly useful for land-
ing ships because they make it possible for the
ships to hover offshore and because they make
it easier for the ships to retract and turn away
from the beach,

Controllable pitch propellers may be con-
trolled from the bridge or from the engineroom
as shown in figure 5-5. Hydraulic or mechanical
controls are used toapply a blade actuatingforce
to the blades.

A hydraulic system as shown in figure 5-6,
is the most widely used means of providing the
force required to change the pitch of acontroll-
able pitch propeller. In this type of system, a
valve positioning mechanism actuates an oil
control valve. The oil control valve permits
hydraulic oil, under pressure, to be introduced
to either side of a piston (which is connected to
the propeller blade) and at the same timeallows
for the controlleddischarge of hydraulic oil from
the other side of the piston, This action reposi-
tions the piston and thus changes the pitchof the
propeller blades, y

Some controllable pitch propellers have me-
chanical means for providing the blade actuating
force necessary to change the pitch of the blades.
In these designs, a-wosm screw and crosshead
‘nut are used instead of the hydraulic devices for

transmitting the actuating force to the connect-
ing rods. The torque required for rotating the
worm screw is supplied either by an electric
motor or by the main propulsion plant through

PROPULSION CONTROL
TRANSFER SWITCH .

ENG.RMS. PITCH CON

—_

pneumatic brakes, The mechanically operated
actuating mechanism is usually controlled by
simple mechanical or electrical switches.

Propellez; Problems

One of the major problems encountered with
propellers is known as cavitation, Cavitation is
the formation of a vacuum around a propeller
which is revolving at a speed above a certain
critical value (which varies, depending upon the
size, number, and shape of the propeller blades).

. The speed at which cavitation begins to occur

is different in different types of ships; the tur-
bulence increases in proportion to thepropeller
rpm. Specifically, a propeller rotating at a high
speed will develop a stream velocity that creates
a low pressure. This low pressure is less than
the vaporization point of the water, and from
each blade tip there appears to develop a spiral
of bubbles (fig. 5-7). The water boils at the low
pressure points. As the vapor bubbles of cavita-
tion move into regions where the pressure is
higher, the bubbles collapse rapidly andproduce
a high-pitched noise.

The net result of cavitation is to produce:
(1) high level of underwater noise; (2) erosion
of propeller blades; (3) vibration with subsequent
blade failure from metallic fatigue; and (4)
overall loss in propeller efficiency, requiring a
proportionate lncrease in power for a given
speed,

In naval warfare, the movements of surface
ships and submarines can be plotted by sonar
bearings on propeller noise, Because of the high

P&s. PILOT HOUSE PITCH
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71.23(147B)

Figure 5-7,—Cavitating propeller.

gtatic water pressure at submarine operational
depths, cavitation sets in when a submarine is
operating at a much higher rpm than when near
the surface. For obvious reasons, a submarine
that is under attack will immediately dive deep
so that it can use high propeller rpm with the
least amount of noise,

A certain amount of vibration is always
present aboard ship. Propeller vibration, how-
ever, may also be caused by a fculed blade or

by seaweed. If a propeller strikes a submerged

object, the blades may be nickerl.

Another propeller phenomen is the ‘‘singing’’
propeller. The usual cause of this noise is that
the trailing edges of the blades have not been
properly prepared before--installation. The
flutter caused by the flow around the edges may
induce a resonant vibration. A ‘‘singing’’ propel-
ler can be heard for a great distance.

.9
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BEARINGS

From the standpoint of mechanics, the term
bearing may be applied to anything which sup-
ports a moving element of a machine. However,
this section is concerned only with those bearings
which support or confine the motion of sliding,
rotating, and oscillating parts on revolving shafts
or movable surfaces of naval machinery.

In view of the fact that naval machinery is
constantly exposed to varying operating condi~
tions, bearing material must meet rigid stand-
ards. A number of ronferrous alloys are used
as bearing metals. In general, these alloys are
tin~base, lead-bhase, copper-base, or aluminum-
base alloys. The term babbitt metal is often
used for lead~base and tin-base alloys.

Bearings must be made of materials which
will withstand varying pressures anc yet permit
the surfaces to move with minimum wear and
friction. In addition, bearings must be held in

g
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position with very close tolerances permitting
freedom of movement and quiet operation. In
view of these requirements, good bearing mate-
rials must possess a combination of the follow-
ing characteristics for agiven application,

1. The compressive strength of the bearing
alloy at maximum operating temperature must
be such as to withstand high loads without
cracking or deforming,

2. Bearing alloys must have high fatigue
resistance to prevent cracking andflaking under
varying operating conditions,

3. Bearing alloys must have high thermal
conductivity to prevent localized hot spots with
resultant fatigue and seizure,

4. The bearing materials must be capable of
retaining an effective ojl film,

5. The bearing materials must be highly re-
sistant to corrosion,

Classification

The reciprocating and rotating elements or
members, supported by bearings, may be subject
to external loads which can be resolved into
components having normal, radial, or axial
directions, or a combination of the two, Bearings
are generally classified as sliding surface
(friction) or rolling contact (antifriction) bear-
ings,

Sliding surface bearin may be defined
broadly as those bearings which have sliding
contact between their surfaces. In these bear-
ings, one body slides or moves on the surface
of another and sliding friction is developed if
the rubbing surfaces are not lubricated. Exam-
ples of sliding surface bearings are thrust
bearings and journal bearings (fig. 5-8), such
as the spring or line sghaft bearings installed
aboard ship.

Journal bearings are extensively used aboard
ship. Journal bearings may be subdivided into
different styles or types, the most common of
which are solid bearings, half bearings, two-
part or split bearings. A typical solid style
journal bearing application is the piston bearing
(part A of fig, 5-8), more commonly called a
tushing. An example of a solid bearing is a
piston rod wristpin bushing such as found in
compressors. Perhaps the most common ap-
plication of the half bearing in marine equip-
ment is the propeller shaft bearing. Since the
load is exerted only in one direction, they ob-
viously are less costly than a full bearing of
any type. Split bearings are used more frequently
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Figure 5-8.—Various types of friction bearings,

than any othe. friction-type bearing. A good
example is the turbine bearing. Spiit bearings
can be made adji:stable to compensate for wear,
Guide bearings (part B of fig. 5-8), as the
name implies, are used for guiding the longi-
tudinal motion of a shaft or other part. Perhaps
the best illustrations of guide bearings are the
valve guides in an internal combustion engine.
Thrust bearings are used to limit the motion
of, or support a shaft or other rotating part
longitudinally. Thrust bearings sometimes are
combined functionally with journal bearings.
Antlfrlctlon-type, or rolling contact, bear-
ings are so-calle cause their design takes
vantage of the fact that less energy isrequired
than is required
to overcome sliding friction. These bearings
may be defined broadly as bearings which have
rolling zontact between their surfaces. These
bearings. may be classified as roller bearings
or ball bearings according toshape of the rolling

v e e
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elements. Both roller and ball bearings are
made in different types, some being arranged
to carry both radial and thrust loads. In these
bearings, the balls or rollers generally are
assembled- between two rings or races, the
contacting faces of which are shaped to fit the
balls or rollers.

The basic difference between ball and roller
bearings is that a ball at any given instant
carries the load on two tiny spots diametrically
opposite while a roller carries the load on two
narrow lines (fig. 5-9). Theoretically, the area
of the spot or line of contact is infinitesimal.
Practically, the area of contact depends on how
much the bearing material will distort under
the applied load. Obviously, rolling contact
bearings must be made of hird )naterials be-
cause if the distortion under load is appreciable
the resulting friction will defeat the purpose of

the bearings. Bearings with small, highlyloaded - -

contact areas must be lubrlcated carefully if
they are to have the antifriction properties they
are designed to provide. If improperly lubri-

) type is formed by surfacing apart of the machine

cated, the highly polighed surfaces of the balls -

and rollers soon will crack, check, or pit, and
failure of the complete bearing follows.

Both sliding surface and rolling contact
bearings may be further classitied by their
function as follows: radial, thrust, and angular-
“contact (actually a combination of radial and
thrust) bearings. Radial bearings, designed
primarily to carry a load in a direction per-
pendicular to the axis of rotation, are used to
limit motion in a radial direction. Thrust bear-
ings can carry only axial loads; that is, a force
parallel to the axis of rotation, tending to cause
endwise motion of the shaft. Angular-contact
bearings cansupport bothradial and thrust loads.

The) simplest forms of radial bearings are
the integral and the insert types. Tae ln%egral

SPOT CONTACT

LINE CONTACT LINE CONTACT
77.66
Figure 5-9, -Load carrying areas of ball and
roller bearings.
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frame with the bearing material, while the insert
bearing is a plain bushing inserted into andheld
in place in the machine frame. The insertbear-
ing may be either a solid or asplit bushing, and
may consist of the bearing material alone or be
enciosed in a case or shell. Inthe integral bear-
ing there is no means of compensating for wear,
and when the maximum allowable cleirance is
reached the bearing must be resurfa:ed. The
insert solid bushing bearing, like the integral
type, has no means for adjustment due to wear,
and must be replaced when maximum clearance
is reached.

The pivoted shoe is a more complicated type
of radial bearing. This bearing consists of a
shell containing a series of pivoted pads or
shoes, faced with bearing material.

The plain pivot or slngle disk type thrust
bearlng consists of the end of a jowrnal extend-
ing into a cup-shaped housing, the bottom of
which holds the single disk of bearing material.

The multi-disk type thrust bearing is simi-
lar to the plain pivot bearing except that several
disks are placed between the end of the journal
and the housing. Alternate disks of bronze and
steel are generally used. The lower disk is
fastened in the bearing housing and the upper
one ‘t: the journal, while the intermediate disks
are free.

The multi-collar thrust bearing consists of
a journal with thrust collars integral with or
fastened to the shaft; these collars fit into re-
cesses in the bearing housing which are faced
with bearing metal. This type bearing is gen-
erally used on horizontal shafts carrying light
thrust loads.

The pivoted shoe thrust bearlng issimilarto
the pivoted shoe radial bearing except that it has
a thrust collar fixed to the shaft which runs
against the pivoted shoes. This type bearing is
generally suitable for both directions of rotation.

Angular loading is generally taken by using
a radial bearing to restrain the radial load and
some form of thrust bearing to handle the load,
This may be accomplished by using two separate
bearings or a combination of a radial and thrust
(radial thrust). A typical example is the multi-
collar which has its recesses entirely
surfaced with bearing material; the faces of the
collars carry the thrust load and the cylindrical
edge surfaces handle the radial load.

< 4A_‘,,~__~‘--;;“,_vwwﬁujf,"b;w. .
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Main Reduction Gear and
Propulsion Turbine Bearings

Reduction gear bearings of the babbitt-lined
split type are rigidly mounted and dowelled into
the bearing housings. These bearings are split
in halves, but the split is not always in a hori-
zontal plane, On many pinion and bull gear bear-
ings, the pressure is against the cap and not
always in a vertical direction, The bearing
shells are 80 secured in the housing that the
point of pressure on both ahead and astern oper-
ation is as nearly midway between the joint faces
as practicable.

Turbine bearings are pressure lubricated by
means of the same forced-feed system that lu-
bricates the reduction gear bearings,

Main Thrust Bearings

The main thrust bearing, which is usually
located in the reduction gear casing, serves to
absorb the axial thrust transmitted through the
shaft from the propeller.

Kingsbury or pivoted Segmental shoe thrust

“bearings of the type shown in figure 5-10 are

commonly used for main thrust bearings. This
type of bearing consists of pivoted segments or
shoes (usually six) against which the thrust
collar revolves. Ahead or astern axial motion
of the shaft, to which the thrust collar is se-
cured, is thereby restrained by the action of the
thrust shoes against the thrust collar. These
bearinge operate on the principle that a wedge-
shaped film of oil is more readily formed and
maintained than a flat film and that it can there-
fore carry heavier loads for any given size.

In a segmental pivoted-shoe thrust bearing,
upper leveling plates upon which the shoes rest
and lower leveling plates equalize the thrust
load among the shoes (fig. 5-11), The base ring,
which supports the lower leveling plates, holds
the plates in place and transmits the thrust on
the plates to the ship’s structure. Shoe support:
(hardened steel buttons or pivots) located be-
tween the shoes and the upper leveling plates
enable the shoe segments to assume the angle
required to pivot the shoes against the upper
leveling plates. Pins and dowels hold the upper
and lower leveling plates in position, allowing
ample play between the base ring and the plates
to ensure freedom of movement of the leveling
plates. The base ring is kept from turningby its
notched construction, which Secures the ring to
its housing, '

. 490

: 147.51X
Figure 5-10.—Kingsbury pivoted-shoe thrust
bearing,

Main Line Shaft Bedrings

Bearings which support the propulsion line
shafting and which are located inside the hull

are called line shaft bearin 8, spring bearings,
or line bearings. Thesrglarlngs are of %he
ring-oiled, babbitt-faced, spherical-seated,
shell type. Figure 5-12 illustrates the arrange-
ment of a line shaft bearing, The bearing is
designed to align itself to support the weight
of the shafting. The spring bearings of all
modern naval ships are provided with both upper
and lower self-aligning bearing halves.

Stern Tube and Strut Bearings

The stern tube is a steel tube built into the
ship’s structure for the purpose of supporting
and enclosing the propulsion shafting where it
plerces the hull of the ship. The section of the
shafting enclosed and supported by the stern
tube is called the stern tube shaft, The pro-
peller shaft is supported at the stern by two
bearings, one at each end-of the stern tube.
These bearings are called stern tube bearings.
A packing gland known as the stern tube oe gland

¢ ety e 4+ et > <
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Figure 5-11.—Diagrammatic arrangement of Kingsbury thrust bearing.

is located at the inner end of the stern tube,
This gland, which is shown in figure 5-13, seals
the arca between the shaft and the stern tube,
but still allows the shaft to rotate,

" The stuffing box of the stern tube gland is
flanged and bolted to the stern tube. The casting
is divided into two annular compartments. The
forward space is the stuffing box proper; the
after space aas a flushing connection for pro-
viding a positive flow of water through the stern
tube for lubricating, cooling, and flushing. The
flushing connection is supplied by the fire and
flushing system, A drain connection may be
provided, - _

A strut bearing is shown in figure 5-14; The
strut bearing has a compositionbushing whichis
split longitudinally into two halves. The outer
surface of the bushing is machined with stepsto
bear on matching landings in the bore of the
strut, One end is bolted to the strut,

au

The shells of both stern tube and strut bear-
ings are of bronze lined with a suitable bearing
wearing material, The shells are normally
grooved longitudinally to receive strips of

Ol CROOVES DISTRIBUTE
THE O WITHIN THE BEARNG

EXCE1S O DRAMS
BACK TO THE RESERVOIR,

) SRS e
47,30X

Figure §-12.—Line shaft bearing.
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laminated resin bonded composition or stripsof !

WATER SERvICE composition faced with rubber or synthetic rub-
_ ber compounds as wearing materials, The lami-
nated strips are cut and installed in the bearing
shell s0 as to present the end grainto the shaft,
In naval craft other than major combatant ships,

FLAX PACK)G
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B resin bonded composition bearings or full molded
: 8 PROPELLER SHAPT 2 rubber faced bearings are used,
PACKING PROPULSION SHAFTING
GLAND
sTER Tuge STUFFING BOX The propulsion shafting, which ranges in
¥~ BuLKHERD diameter from 18 to 21 inches for small twin-

{
{
screw destroyers to approximately 30 inches for !

: 417.40 large four-screw carriers, is divided into four {

Figure 5-13,~Stern tube stuffing box and gland, functional sections: the thrust shaft, the line ;
k
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Figure 5-14,—Strut bearing, (A) Longitudinal cutaway view. (B) Cross-sectional view,. °
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shaft, the stern tube shaft, and the propeller
or tail shaft. These portions of the shafting may
be seen in figure 5-15.

Segments of the line shaf* and the thrust
shaft are joined together with integral flange-
type couplings. The stern tube skaft is joined to
the after end of the line shaft with an inboard
stern tube coupling which has a rer:ovable after=-
sleeve flange. The tail shaft is joined to the
stern tube shaft by a muff-type outboard coup-
ling. . '

On single-screw ships, the portion of the out-
bozard shaft which turns in the sterntube bearing
is normally covered with & shrunk-on composi-
tion sleeve. This is done to protect the shaft
from corrosion and to provide asuitable journal
for the water-lubricated bearings. On multiple-
screw ships, these sleeves normally cover only
the bearing areas; on such ships, the exposed
shafting between the sleeves is covered with
synthetic sheet rubber to protect the shafting
from sea water corrosion.

Cn carriers and cruisers, the wet shafting—

" that is, the shafting outboard in the sea—is

composed of three sections: a tail shaft, an
intermediate or dropout section, and a stern
tube section. Integral flanged ends of these sec-
tions are usually used for joining the sections
together.

Circular steel or composition shields known
as fairwaters are secured to the bearing bush-

- ings of the stern tube and strut bearings and to

both the forward and the after ends of the under-

water outboard couplings. These are intended
primarily to reduce underwater resistance. The
coupling fairwaters are secured to boththe shaft
and coupling flanges and are filled with tallow
to protect the coupling from corrosion.

REDUCTION GEARS
Reduction gears are used inmany propulsion

plants to allow both the prime mover and the
propeller to operate at the most efficient speed.

- Reduction gears are also used in many kinds of

auxiliary machinery, where they serve the same
purpose. Some of the gear forr 's commonly used
in shipboard machinery are shown in figure
5-160 )

Reduction gears are classified by the number
of steps used to bring about speed reductionand
by the general arrwi;:ment of the gearing. A
single reduction gear crnsists of a small pinion
gear which i8 driven by the turbine shaft and a
large main gear (or bull gear) which is-driven
by the pinion. In this type of arrangement, the
ratio of speed reduction is proportional to the
diameters of the pinion and the bull gear.In a
2 to 1 single reduction gear, for example, the
diameter of the driven gear is twice that of the
driving pinion. In a 10to 1 singlereduction gear,
the diameter of the driven gear is ten times
that of the pinion.

All main reduction geariny in current com-~
batant ships makes use of double helical gears
(socmetimes referred to as herringbone gears).

1

Figure 5-15.—Propulsion 8
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5.22
Figure 5-16.—~Gear forms used in shipboard
machinery.

Double helical gears have smoother action and
less tooth shock than single reduction gears.
Since the double helical gears have two sets of
teeth at complementary angles, end thrust (such
as is developed in single helical gears) is pre-
vented.

In the double reduction gears used on most
ships, a high speedpinion which is connected to
the turbine shaft by a flexible coupling drivesan
intermediate (first reduction) gear. The first
reduction gear is connected by a shaft to the

. 1¢4

low speed pinion which in turn drives the bull
(second reduction) gear mounted on the pro-
peller shaft, If we suppose a 20 to 1 speed re-
duction is desired, this could b accomplished
by having a ratio of 2to 1 between the high speed
pinion and the first reduction gear andaratio of
10 to 1 between the low speed pinion on the first
reduction gear shaft and the second reduction
gear on the propeller ghaft,

A typical double reduction gear installation
for a DD 692 class destroyer is shown in figure

=17, In this type of installation, the cruising
turbine is connected to the highpressureturbine -
through a single reduction gear, The cruising
turbine rotor carries with it a pinion which
drives the cruising gear, coupled to the high
pressure turbine shaft. The cruising turbine

rotor and pinion are supported by three bear-

ings, one at the forward end of the turbine and

one on each side of the pinion in the cruising
reduction gear case.

The high pressure turbine and the low pres-
sure turbine are connected tothe propeller shaft
through a locked train double reduction gear of
the type shown in figure 5-18. First reduction
pinions are connected by flexible couplings to
the turbines. Each of the first reduction pinions
drives two first reduction gears, Attached to
each of the first reduction gears by a quili shaft
and flexible couplings (fig. 5-19) is a second
reduction pinion (low speed pinion). These four
pinions drive the second reduction gear (bull
gear) which is attached to the propeller shaft,

Locked train reduction gears have the advan-
tage of being more compact than other types, for
any given power rating, For this reason, allhigh
powered modern combatant ships have locked
train reduction gears. Another type of reduction
gearing, known as nested gearing, is illustrated
in figure 5-20, Nested gearing is used on most
auxiliary ships but is not used on combatant
ships, As may be seen, the nested gearing is
relatively simple; it employs no quill shafts
and uses a minimum number of bearings and
flexible couplings.

FLEXIBLE COUPLINGS

Propulsion turbine shafts are connected to
the reduction gears by flexible couplings which
are designed to take care of very slight mis-
alignment between the two units, Most flexible
couplings are of the gear type shown in figure

=21, The coupling consists of two shaft rings
having internal gear teeth and an internal

100
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CRUISING TURBINE =

SINGLE REDUCTION:
GEAR . - .

Figure 5-17.—Turbines and locked train double reduction gearing of DD 692 class destroyer.

floating member (or distance piece) which has
external teeth around the periphery at eachend.
The shaft rings are bolted to flanges on the two
shafts to be connected; the floating member is

placed so that its teeth engage with those of the
shaft rings.

Aruitoxt provided by Eic:

a

-~

10)

47.30

Cruising turbine couplings which transmit
lower powers may use external floating mem-
bers with internal teeth. With this design, the
shaft rings become spur gears with external
teeth on the ends of the pinion shaft and turbine
shaft. Figure 5-22 shows a flexible coupling of
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Figure 5-18,~Locked train double reduction gearing,

Figure 5-19, —Quill shaft assembly,
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Figure 5-20,—~Nested reductlon_ gearing,
this type which is used on destrc;yers. The ‘ CARE OF REDUCTION GEARS,
coupling is installed between the cruising turbine SHAFTING AND BEARINGS
reduction gear and the high pressure turbine.
In this coupling, the floating member isatrans- The main reduction gear is one of thelargest

versely split sleeve having internal teeth which .~d most expensive units of machinery found in
mesh completely with the external teeth of the the engineering department. Main reduction
spur gears mounted on the connected shaft ends. gears that are installed properly and operated
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47.31X
Figure 5-21.~Gear-type flexible coupling,

properly will give years of satisfactory service.
However, a serious casualty to main reduction
gears, will either put the ship out of commis-
sion or force it to operate at reduced speed.
Extensive repairs to the main reduction gear
ca1 be very expensive because they usually
have to be made at a shipyard.

Some things are essential for the proper
operation of reduction gears. Proper lubrica-
tion includes supplying the required amount of
oil to the gears and bearings, plus keeping the
oil clean and at the proper temperature. Locking
and unlocking the s'aft must be done in ac-
cordance with the maaufacturer’s instructions,
Abnormal noises and vibrations must be inves-
tigated and corrective action taken. Gears must
be inspected in accordance with the current
instructions issued by NavShips, the type com-
mander, or other proper authority. Preventive
and corrective maintenance must be conducted
in accordance with the 3-M System. '

PROPER LUBRICATION.—Lubrication of
reduction gears and bearings is of the utmost
importance. The correct quantity and quality of
lubricating ofl must, at all times, be available
mthemamnmp.'l‘heoummtbeCLEAN;and
itmustbeluppuedtothemuandbearlnguat
the pressure and temperature specified by the
manufacturer '

In order to accomplish proper lubrication of
gears and bedrings, several conditions must be
met, The lube oil service pamp must deliver the
proper discharge pressure. All relief valves in
the lube ofl system must be set to function at
their designed pressure. On most older ships,

. 408

each bearing has a needle valve to control the
amount of oil delivered to the bearing. Onnewer
ships, the quantity of ofl to each bearingis con-
trolled by an orifice in the supply line. The
needle valve setting or the orifice opening must
be in accordance with the manufacturer’s in-
structions or the supply of oil will be affected.
Too small a quantity of ofl will cause the bear-
ing to run hot. If too much oil is delivered to

‘the bearing, the excessive pressure may cause

104

the oil to leak at the oil geal rings. Too much
oil ‘may also cause a bearing to overheat.

Lube oil must reach the bearingat the proper
temperature, If the oil is too cold, one of the
effects is insufficient ofl- flow for cooling pur-
poses, If the ofl supply is too hot, some lubri-
cating capacity is lost,

For most main reduction gears, the normal
temperature of oil leaving the lube oil cooler
should be between 120°F and 130°F. For full
power operation, the temperature of the ofl
leaving the bearings should be between 140°F
and 160°F. The maximum TEMPERATURE RISE
of ol passing through any gear or bearing, under
any operating conditions, should not exceed 50°F;
and the final temperature of the ofl leaving the
gear or bearing should not exceed 180°F. This
temperature rise and limitation may be deter-
mined by installed thermometers or resistance
temperature elements,

Cleanliness of lubricating oil cannot be over-
stressed, Oil must be free from impurities, such
as water, grit, metal, and dirt. Particular care
must be taken to clean out metal flakes and dirt
when new gears are wearing in or when gears
have been opened for inspection, Lint or dirt, if
left in the system may clog the ofl 8spray noz-
zles, The spray nozzles must be kept openat all
times. Spray nozzles must never be altered with-
out the authorization of the Naval Ship Systems
Command,

The lube ofl strainers perform satisfactorily
under normal operating conditions, but they can-
not trap particles of metal and dirt which are
fine enough to pass through the mesh. These fine
particles can become embedded in the bearing
metal and cause wear on the bearings and
journals. These fine abrasive particles passing
through the gear teeth act like a lapping com-
pound and remove metal from the teeth,

LOCKING 'AND UNLOCKING THE MAIN
SHAFT.~In an emergency, or in the event of a
mmtytothemalnpropmlonmhmeryota
turm-drm.hlp,umybemmrytostop
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Figure 5-22.—Flexible coupling between cruising gear and high pressure turbine.

and lock a propeller shaft to prevent damage to
the machinery. When the shaft is stopped, en-
gaging the turning gear and then applying the
brake is the most expeditious means of locking
a propeller shaft while under way.

By out actual drills, engineroom
personnel should be trained to safely lock and
unlock the main shaft. Each steaming watch
should have sufficient trained personnel avails
able to stop and lock the main shaft,

CAUTION: During drills the shaft shouldnot
be locked more than 5 minutes, if possible. The
ahead tlirottle should NEVER be opened when the

" turning gear is engaged. The torque produced by

the ahead engines is in the same direction as the
torque of the locked shaft; to open the ahead
throttle would result in damage to the turning
gear. .

The maximum safe operating speed of aship
with a locked shaft can be found inthe manufac-
turer’s technical manual, Additional information
on the safe maximum speed that your ship can
steam with a locked shaft can be foind in Nay-
Ships Technical Manual, & 9410, | the
shaft has been locked for § or more, the
turbine rotors may have become bowed, and
special precautions are recommended. Before
the shaft is allowed to turn, men should be sta-
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tioned at the turbines to check for unusual
noises and vibrdtion. When the turning gear is
diséngaged, the astern throttle should be slowly
closed, the torque produced by the propeller
passing through the water will start the shaft
rotating. If, when the propeller starts to turn,
vibration indicates a bowed rotor, the ship’s
speed should be reduced to the point where little
or no vibration of the turbine is noticeable and
this speced should be maintained until the rotor
is straightened, If operation at such a slow
speed is not practicable, the turbines should be
slowed by use of the astern throttle, tothe point
of least vibration Dat with the turbines still
operating in the ahead direction. When the tur-
bines are slowed to the point of little or no
vibration, the shaft should be operated at that
speed and the ahead thrittle should be opened
slightly to permit some steam flow through the
affected turbine. The heat from the steam will
warm the shaft and aid in straightening ft. Low-
ering the main condenser vacuum will add addi-
tional heat to the turbines; this will increase the
exhaust pressure and temperature,

As the vibration decreases, the astern
throttle can be closed gradually, allowing the
speed of the shaft to increase. The shaft speed
should be increased slowly and a check for

~d
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vibration should be maintained. The turbine is
not ready for normal operation until vibration
has disappeared at all possible speeds.

NOISES AND VIBRATION.-On = steam-
turbine driven ships, noises may occur at low
speeds or when maneuvering, or when passing
through shallow water. Generally, these noises
do not result from any defect in the propulsion
machinery and will not occur during normal
operation. A rumbling sound which occurs at
low shaft rpm is generally due to the 1ow pres-
sure turbine gearing floating through its back-
lash. This condition has also been experienced
with eruising reduction gears. The rumblingand
thumping noises which may occur during maneu-
vering or during operation in shallow water, are
caused by vibrations initiated by the propeller.
These noises referred toare characteristic only
of some ships and should be regarded as normal
sounds for these units. These sounds will dis-
appear with a change of propeller rpm or when
the other causes mentioned are no longer
present. These noises can usually be notited in
destroyers when the ship is backing, especially
in choppy seas or in ground swells. .

A properly operating reduction gear has a
definite sound " which an experiencid watch-
stander can easily learn to recognize. At dif-
ferent speeds and under various operativg
conditions, the operator should be familiar with
the normal operating sound of the reduction
gears on his ship.

If any abnormal sounds occur, an investiga-
tion should be made immediately. In making an
investigation, much will depend onhow the oper-
ator interprets the sound or noise.

The lube ofl temperature and pressure may
or may not help an operator determine the
reasons for the abnormal sounds. A badly wiped
bearing may be indicated by a rapid rise in oil
temperature for the individual bearing. A certain
sound or noise may indicate misalignment or
improper meshing of the gears. H unusual
sounds are caused by misalignment of gears or
foreign matter passing through the gear teeth,
the shaft ghould be stopped and a thorough in-
vestigation should be made before the gearsare
operated again,

For a wiped bearing, or any other bearing

casualty that has caused a very high tempera-

ture, this procedure shicild be followed: K the
temperature of the lube oil leaving any bearing
has exceeded the permissible limits, slow or
stop the unit and inspect the bearing for wear.
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The bearing may be wiped only a small amount
and the shaft may be operatedata reduced speed
until the tactical situation allows sufficienttime
to inspect the bearing.

The most common causes of vibration in a
main reduction gear installation are: faulty
alignment, bent shafting, damaged propellers,
and improper balance.

A gradual increase in the vibration iInamain
reduction gear that has been operating satisfac-
torily for a long period of time can usually be
traced to a cause outside of the reduction gears.
The turbine rotors, rather than the gears, are
more likely to be out of balance.

When reduction gears are built, the gears
are carefully balanced (both statically and dy-
namically). A small amount of unbalance in the
gears will cause unusual noise, vibration, and
abnormal wear of bearings.

When the ship has been damaged, vibration of
the main reduction gear installation may result
from misalignment of the turbine, the main
shafting, the main shaft bearings, or the main
reduction gear foundation. When vibration occurs
within the main reduction gears, damage to the
propeller should be one of the first things to be
considered. The vulnerable position of the pro-
pellers makes them more liable to damage than
other parts of the plant. Bent or broken pro-
peller blades will transmit vibration tothe main
reduction gears. Propellers can also become
fouled with line or cable which will cause the
gears to vibrate. No reduction gear vibration
is too trivial to overlook. A complete investiga-
tion should be made, preferably by a shipyard,

MAINTENANCE AND INSPECTION.-Under
normal. conditions, major repairs and major
items of maintenance on main reduction gears
should be accomplished by a shipyard. When
a ship is deployed overseas and at other times
when shipyard facilities are not available, emer-
gency repairs should be accomplished, if pos-
sible, by a repair ship or an advanced base.
Inspections, checks, and minor repairs should
be accomplished by ship’s force.

Under normal conditions, the main reduction
gear bearings and gears will operate for an in-
definite period. ¥ abnormal conditions occur,
the shipyard will normally perform the repairs.
Spares are carried aboard sufficient to replace
50 percent of the number of bearings installed
in the main reduction gear. Usually eachbearing
is interchangeable for the starboard or port in-
stallation. The manufacturer’s technical manual
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must be checked to determine interchangeability
of gear bearings.

Special tools and equipment needed to lift
main reduction gear covers, to handle the quill
shaft when removing bearings from it, and to
take required readings and measurements, are
normally carried aboard. The special tools and
equipment should always be aboard in case
emergency repairs have to be made by repair
ships or bases not required to carry these items.

The manufacturer’s technical manual is the
best source of information concerning repairs
and maintenance of any specific reduction gear
instailation. Chapters 9420, 9430, and 9440 of
NavShips Technical Manual gives the inspection
requirements for reduction gears, shafting,
bearings, and propellers.

The inspections mentioned here are the mini-
mum requirements only. Where defects are sus-
pected, or operating conditions so indicate, in-
spections should be made at more frequent
intervals,

To open any inspection plates or other fit-
tings of the main reduction gears, permission
should first be obtained from the engineer of-
ficer. Before replacing an inspection plate,
connection, or cover which permits access to
the gear casing, a careful inspection shall be
made by an officer of the engineering department
to ensure that no foreign matter has entered or
remains in the casing or oil lines. Hthe work is
being done by a repair activity, an officer from
the repair activity must also inspect the gear
casing. An entry of the inspections and the name
of the officer or officers must be made in the
Engineering Log. The inspections required on
the main engine reduction gears are shown on
the Maintenance Index Page, figure 5-28.

The importance of proper gear tooth contact
cannot be overemphasized. Any abnormal con-
dition which may be revealed by operational
sounds or by inspections should be corrected
as soon as possible. Any abnormal condition
which is not corrected will cause excessive wear
which may result in general disintegration of the
tooth surfaces.

I proper tooth contact is obtained when the
gears are installed, little wear of teeth will
occur. Excessive wear cannot take place without
metallic contact. Proper clearances and ade-
quate lubrication will prevent ‘fnost gear tooth
trouble.

I proper contact is obtained when the gears
are installed, the initial wearing, which takes
place under conditions of normal 1oad and ade-

.

quate lubrication, will smooth out rough and
uneven places on the gear teeth. This {nitial
wearing-in is referred to as NORMAL WEAR
or RUNNING IN. As long as operating condi-
tions remain normal, nofurther wear will occur.

Small shallow pits starting neaxr the pitch
line, will frequently form duringthe initial stage
of operation; this process is called INITIAL
PITTING. Often the pits (about the size of a
pinkead or even smaller) can be seen onlyunder
2 magnifying glass. These pits are not detri-
mental and usually disappear in the course of
normal wear,

Pitting which is progressive and continues
at an increasing rate is knownas DESTRUCTIVE
PITTING. The pits are fairly large and arerel-
atively deep. Destructive pitting is not likely to
occeur under proper operating conditions, but
could be caused by excessive loading, too soft
material, or improper lubrication. R is usually
found that this type of pitting is due to misalign-
ment or to improper lubrication.

The condition in which groups of scratches
appear on the teeth (from the bottom to the top
of the tooth) is termed abrasion, or scratching.
I may be caused by inadequate lubrication, or
by the presence of foreign matter in the lubri-
cating oil. When abrasion or scratching is noted,
the lubricating system and the gear spray fix-
tures should immediately be examined, H it is
found that dirty oil is responsible, the system
must be thoroughly cleaned andthe whole charge
of oil centrifuged.

The term ‘‘scoring’’ denotes a general rough-
ening of the whole tooth surface, Scoring marks
are deeper and more pronounced than scratching
and they cover an area of the tooth, instead of
occurring haphazardly, as in scratching or abra-
sion. Small areas of scoring may occur in the
same position on all teeth. Scoring, with proper
alignment and operation, usually results from
inadeguate lubrication, and is intensified by the
use of dirty oil. H these conditions are not cor-
rected, continved operation will rzsult in agen-
eral disintegration of the tooth surfaces.

Under normal conditions all alignment in-
spections and checks, plus the necessary re-
pairs, are accomplished by naval shipyards.
Incorrect alignment will be indicated by ab-
normal vibration, unusual noisé, and wear of the
flexible couplings or mmin reduction gears. When
misalignment is indicated, a detailed inspection
should be made by shipyard

Two sets of readings are to get an
accurate che¢k of the propulsion shafting. One
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System, Subsystem, or Component Reference Publications 1
]
Reduction Gears
MB FZZNBS 3515025 Q| 1. Inspect the reduction gear including| Q-1 EO
spray nozzles. ml 1.0 None
M 1.0
MB PZ2FSC1 |65 142901 Q| 1. Measure main shaft thrust clearance.] @-2 EO
M1 0.3 Kore
m2 0.3
A)D PZZFCEL (84 WS&HS 1. Inspect and clean ofl sump and s-1 BO . None
reduction gear casing. Ml 5.0
M 6.0
s | 12,0
mmﬁss AAIBSAA 1. Inspect flexible couplings. Measure| A-1 | Mc 2.0 Nome
clearances. Ml 8.0
. 2FN 16.0
#u meu 78 Fsu All. Sound and tighten foundation bolts. | A-2 | Fm 1.0 None
4
|
}
88.17M1
Figure 5-23.—Maintenance Index Page. - B
108




=k S REEE

Chapter 5—~FUNDAMENTALS OF SHIP PROPULSION AND STEERING

set of readings is taken with the shipin drydock
and another set of readings is taken with the
ship waterborne—under normal loading condi-
tions. The main shaft is disconnected, marked,
and turned so that a set of readings can be taken
in four different positions. Four readings are
taken (top, bottom, and both sides). The align-
ment of the shaft can be determined by studying
the different readings taken. The naval shipyard
will decide whether or not corrections in align-
ment are necessary.

NOTE: During shipyard overhauls, the following
inspections should be made:

a. Inspect condition and clearance of thrust
shoes to ensure proper position of gears. Blow
out thrusts with dry air after the inspection.

. Record the readings. Inspect the thrust collar,

nut, and locking device.

b. H turbine coupling inspection has indicated
undue wear, check alignment between pinions and
turbines.

¢. Clean oil sump.

When conditions warrant or if trouble is sus-
pected, a work request may be submitted to a
naval shipyard to perform a ‘‘seven year’’ in-
spection of the main reduction gears. This
inspection includes clearances and condition of
bearings and journals; alignment checks and
readings; and any other tests, inspections, or
maintenance work that may be considered neces-

sary.

Naval Ship Systems Command authorigation
is not necessary for lifting reduction gear
covers. Covers should be lifted when trouble is
suspected, An open gear case is a serious hasard
to the main nlant, therefore, careful considera-

nozzles. It is not advisable to open gear cases,
bearings, and thrusts immediately BEFORE full
power trials.

In addition to the inspections which may be
directed by proper authority, open the inspection
plates, and examine the tooth contact andthe con-
dition of the teeth to note changes that may have
occurred during the full power trials. Running
for a few hours at kigh power will show any pos-
sible condition of improper contact or abnormal
wear that would not have shown up in months of
operation at lower p:wer. Check the clearance
of the main thrust bearing.

SAFETY PRECAUTIONS

The following precautions must be observed
by personnel operating or working with propul-
sion equipment.

1. H there is churning or emulsification of
oll and water in the gear case, the gear must be
slowed down or stopped until the defect is rem-
edied.

2. If the supply of ofl to the gear fails, the
gears should be stopped until the cause can be
located and remedied.

3. When bearings have been overheated,
gears should not be operated, except inextreme
emergencies, until bearings have been examined
and defects remedied.

4. H excessive flaking of metal from the
gear teeth occurs, the gears should not be ad-
justed, except in an emergency, until the cause
has been determined.

5. Unusual noises should be investigated at
once, and the gears should be operated cautiously
until the cause for the noise has been discovered
and remedied.

6. No imspection plate, connection, fitting, or
cover which permits acceutothegurmmg

9. Lifting devices should be inspected care-
fully before being used and should not be over-
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precautions should be taken to lock the main
shaft, '

11. Where the rotation of the propellers may
result in injury to a diver over the side, or in
damage to the equipment, propeller shafts should
be locked.

12. When a ship is beingtowed, thepropellers
should be locked, unless it is permissible and
advantageous to allow the shafts to trail with the
movement of the ship.

13. When a shaft is allowed to turn or trail,
the lubrication system must be in operation. In
addition, a careful watch should be kept on the
temperature within the low pressure turbine
casing to see that windage temperatures cannot
be built up to a dangerous degree. This can be
controlled either by the speed of the ship or by
maintaining vacuum in the main condenser.

14. The main propeller shaft must be brought
to a complete stop before the clutch of the turn-~
ing gear is engaged. (If the shaft is turning,
considerable damage to the turning gear will
result.)

15. When the turning gear is engaged, the
brake must be set quickly and securely to pre-
vent the shaft turning and damaging the turning
gear.

YORE OR
QUADRANT

SEMIBALANCED
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Chapter 5~FUNDAMENTALS OF SHIP PROPULSION AND STEERING

16. When a main shaft is to be unlocked, pre-
cautions must be taken tc disengage the jacking
gear clutch before releasing the brake. I the
brake is released first, the main shaft may
begin to rotate and cause injury to the turning
gear and to personnel.

17. In an emergency, where the ship is steam-
ing at a high speed, the mainshaft can be stopped
and held stationary by the astern turbine until
the ship has slowed down to a speed at which
the main shaft can be safely locked.

18. Where there is a limiting maximum safe
speed at which a ship can steam with a locked
propeller shaft, this speed should be known and
should not be exceeded.

19. Before the turning gear is engaged and
started, a chaeck should be made to see that
the turning gear is properly lubricated. Some
ships have a valve in the oil supply line leading
to the turning gear. The operator should see
that a lube oil service pump is in operation and
that the proper oil pressure is being suppliedto
the turning gear before the motor is started.

20, It should be definitely determined that
the turning gear has been disengaged before the
main engines are turned over.

21i. While working on or inspecting open main
reduction gears, the person or persons per-
forming the work should not have any article
about their person which may accidentally fall
into the gear case.

22. Tools, lights, mirrors, etc. used for
working on or inspecting gears, bearings, etc.
should be lashed and secured to prevent acci-
dental dropping into the gear case,

STEERING

As noted at the beginning of this chapter, the
direction of movement of a ship is controlled
partly by steering devices which receive their
power from steering engines and partially by
the arrangement, speed, and direction of rota-
tion of the ship’s propellers.

The steering device is called a rudder. The
rudder i8 a more or less rectangular metal
blade (usually hollow on large ships) which is
supported by a rudder stock. The rudder stock
enters the ship through a rudder and a
watertight fitting, as shown in figure 5-24. A
yoke or quadrant, secured to the head of the
rudder stock, transmits the motion imparted by
the steering mechanism.

Basically, a ship’s rudder is used to attain
and maintain a desired heading. The force
necessary to accomplish this is developed by
dynamic pressure against the flat surface of the

rudder. The magnitude of this force and the -

direction and degree to which it is applied pro-
duces the rudder effect which controls stern
movement and thus controls the ship’s heading.

In order tofunction most effectively, a rudder
should be located aft of and quite close to the
propeller. Many modern ships have twin rud-
ders, each set directly behind a propeller to
receive the full thrust of water. This arrange-
ment tends to make a ship highly maneuverable,

Three types of rudders are in general use-
the unbalanced rudder, the semibalanced rudder,
and the balanced rudder. These three types are
fllustrated in figure 5-25. Other types of iud-
ders are also in naval use. For example, some
ships have a triple-blade rudder whichprovides
an increased effective rudder area,
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CHAPTER 6
THEORY OF LUBRICATION

Lubrication reduces friction between moving
parts by substituting fluid friction for solid fric-
tion. Without lubrication, it is difficulttomovea
hundred-pound weight across a rough surface;
with lubrication, and with proper attention tothe
design of bearing surfaces, itispossible to move
a million-pound load with a motor that is small
enough to be held in the hand. By reducing
frictim, thereby reducing the amount of energy
that is dissipated as heat, lubrication reduces
the amount of energy required to perform me-
chanical actions and also reduces the amount
of energy that is dissipated as heat.

Lubrication is a matter of vital importance
throughout the shipboard engineering plant. Mov-
ing surfaces must be steadily supplied with the
proper kinds of lubricants, lubricants must be
maintained at specified standards of purity, and
designed pressures and temperatures must be
maintained in the lubrication systems. Without
adernate lubrication, a good maay units of ship-
board machinery would quite literally grind to
a screeching halt,

The lubrication requirements of shipboard
machinery are met in various ways, depending
upon the nature of the machinery. This chapter
deals with lubrication in general—-with basic
principles of lubrication, with lubricants used

tems that are installed for many shipboard units
are discussed in other chapters of this text.

FRICTION

friction, which must be overcome to keep the
body in motion. .
There are three types of kinetic friction:
sliding friction, rolling friction, and fluid fric-
tion. Sliding friction exists when the surface of
one solid body is moved across the surface of
another solid body. Rolling friction exists when

aamedbodymehasacylmderorasphere_’

rolls upon a flat or curved surface. Fluid friction
is the resistance to motion exhibited by a fluid.

Fluid friction exists because of the cohesion
between particles of the fluid and the adhesion
of fluid particles to the object or medium which
is tending to move the fluid. If a paddle is used
to stir a fluid, for example, the cohesive forces
between the molecules of the fluid tend to hold
the molecules together and thus prevent motion
of the fluid. At the same time, the adhestve forces
of the molecules of the fluid cause the fluid to
adhere to the paddie and thus create frictionbe-
tween the paddle and the fluid, Cohesion is the
molecular attraction between particles that tends
to hold a substance or a body together; adhesion
is the molecular attractimbetweenparticlestlnt
tends to cause unlike surfaces to stick together.
point of view of lubrication, adhesion

cohesion is the property which holds the lubri-
cant together and enables it to resistbreakdown
under pressure.

Cobestion and adhesion are possessed by dif-
ferent materials in widely varying degrees. In
general, solid bodies are highly cohesive but
only slightly adbesive, Most fluids are quite
highly adhésive but only slightly cohesive; how-
ever.tlnadhuﬁeandcoheslvepmperﬂuo(
fluids vary considerably.

FLUID LUBRICATION

ﬂﬁmﬂaﬂmisuﬁmtheacmlup-
aration of surfaces so that no metal-to-metal

3
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contact occurs. As long as the lubricant film
remains unbroken, sliding friction and rolling
friction are replaced by fluid friction.

In any process involving friction, some power
i8 consumed and some heat is produced. Over-
coming sliding friction consumes the greatest
amount of power and produces the greatest
amount of heat. Overcoming rolling friction con-
sumes less power and produces less heat.Over-
coming fluid friction consumes the least power
and produces the least amount of heat.

LANGMUIR THEORY

A presently accepted theory of lubrication is
based on the Langmuir theory of the action of
fluid films of oil between two surfaces, one or
both of which are inmotion. Theoretically, there
are three or more layers or films of oil existing
between two lubricated bearing surfaces. Twoof
the films are boundary films (indicated as I and
V in part A of fig. 6-1). one of which clings to the

. 41.78

Figure 6-1.~01l film lubrication. (A) Stationary
position, showing several oil films; (B) surface
set in motion, showing principle of oil wedge;
(C) principle of (A) and (B) shown in a journal

bearing.
. A7

us

surface of the rotating journal and one of which
clings to the stationary lining of the bearing.
Between these two boundary films are one or
more fluid films (indicated as II, III, and IV in
part A of fig. 6=1). The number of fluid films
shown in the illustration is arbitrarily selected
for purposes of explanation.

When the rotating journal is set in motion
(part B of fig. 6-1), the relationship of the journal
to the bearing lining is such that a wedge of oil
is formed. The oil films II, 111, and IV begin to
slide between the two boundary films, thus con-
tinuously preventing contact between the two
metal surfaces. Theprinciple isagain jllustrated
in part C of figure 6-1, wheretheposition of the
oil wedge W is shown with respectto the position
of the journal as it starts and continues in motion.

The views shown in part C of figure 6-1 rep-
resent a journal or shaft rotating in a solid
bearing. The clearances are exaggerated in the
drawing in order to illustrate the formation of
the oil film. The shaded portion represents the
clearance filled with oil. The film is in the
process of being squeezed out while the journal
is at rest, as shown in the stationary view. As
the journal slowly starts to turn and the speed
increases, oil adhering to the surfaces of the
journal is carried into the film, increasing the
film thickness and tending to lift the journal as
shown in the starting view. As the speed
increases, the journal takes the position shown in
the running view. Changes in temperature, with
consequent changes in ofl viscosity, cause
changes in the film thickness and in the position
of the journal.

If conditions are correct, the two surfacesare
effectively separated, except for a possible mo-
mentary contact at thetime the motion i8 started.

FACTORS AFFECTING LUBRICATION

A number of factors determine the efficacy
of oil film lubrication, including such things as
pressure, temperature, viscosity, speed, align-
ment, condition of the bearing surfaces, running
clearances between the bearing surfaces, start-
ing torque, and the nature and purity of the lubri-
cant. Many of these factors are interrelated and
interdependent. For example, the viscosity of
any given oil is affected by temperature and the
temperature is affected by running speed; hence
the viscosity is partially dependent upon the run-
ning speed. E

A lubricant must be able tosticktothe bear-
ing surfaces and support the load at operating

e e et i b e . Coontbud
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Speeds. More adhesiveness is required to make
a lubricant adhere to bearing surfaces at high
speeds than atlowspeeds. Atlow Speeds, greater
cohesiveness is required to keep the lubricant
from being squeezed out from between the bear-
ing surfaces.

Large clearances between bearing surfaces
require high viscosity and cohesiveness in the
lubricant to ensure maintenance of the lubricat-
ing oflfilm. The larger the clearance, the greater
must be the resistance of the lubricant to being
pounded out, with consequent destruction of the
lubricating oil film.

High unit load on abearing requires high vis-
cosity of the lubricant. A lubricant subjected to
high loading must be sufficiently cohesive to hold
together and maintain the ofl film.

LUBRICANTS

Although there is a growing use of synthetic
lubricants, the principal source of the oils and

greases used in the Navy is still petroleum. By
various refining processes, lubricating stocks
are extracted from crude petroleum and blended
into a multiplicity of products to meet all lubri-
cation requirements. Various compounds orad-
ditives are used in some lubricants (both oils
and greaser) to provide specific properties re-
quired for specific applications.

Types of Lubricating Oils

Lubricating ofls approved for shipboard use
are limited to those grades and types deemed es--
sential to provide Proper lubrication under aj}
anticipated operating conditions.

For diesel engines, it is necessary to use a

type of additive ofl in order
to keep the engines clean. In addition, these lu-
bricating ofls must be fortified with oxidation in-
hibitors and corroston inhibitors to
periods between ofl changes

addition, it umrytomeextmmepremre
(EP):ddtﬂvuto'emblgthsoﬂtourrytheex—
tremelyhlghlmdingtowhichitusw]ectedh
the gears,
For the N
are used, and for general

leum
lubrication use, the Navy uses a viscosity series

-9
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-such products as rape Seed, tallow,
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of oils reinforced with oxidation and corrosion
inhibitors and anti-foam additives. The com-
pounded oils, which are mineral oils to which
or lard oil
are added, are stillused in deck machineryand in
the few remaining steam plants that utilize recip-
rocating steam engines.

A great many special lubricating ofls are
available for a wide variety of services. These
are listed in the Federal ly Catalog. Among
the more important specialty ofls are those used
for lubricating refrigerant compressors. These
oils must have a very lowpourpoint and be main-
tained with a high degree of freedom from mois-
ture. ’

The principal synthetic lubricants currently
in naval use are (1) a phosphate ester type of
fire-resistant hydraulic fluid, used chiefly in the
deck-edge elevators of carriers (CVAS); and (2)
a water-base glycol hydraulic fluid used chiefly
in the catapult retracting gear.

Classification of
Lubricating Ofls

The Navy identifies lubricating oils by sym-
bols. Each identification number consistsof four
digits (and, in some cases, appended letters). The
first digit indicates the class of ofl accerding to
type and use; the last three digits indicate the
viscosity of the oil. The viscosity digits areac-
tually the number of seconds required for 60 mil.-
liliters of the oil to flow through a standard
orifice at a specified temperature. The symbol
3080, for example, indicates that the oilisin the
3000 series and that a 60-m) sample flows
through a standard orifice in 80 seconds when the
oll i8 at a specified temperature (210°F, in this
instance). To take another example, the symbol
2135 TH indicates that the oil is in the 2000 ge-
ries and that a 60-ml sample flows h
a standard orifice in 135 Seconds when the il 38
at a specified temperature (130° F, inthis cage).

The letters H, T, TH, or TEPadded to a basic
indicate that the oil contains ad-
ditives for special purposes.

Inbricating Oil Characteristics

Lubricating ofls used by the Navy are tested
for a number of characteristics, inclwding vis-
cosfty, pour point, flash point, fire point, auto-
ignition point, neutralization number, demul.-
sibility, and precipitation number. Standard test
methods are used for making all tests.

R g e i Sitrasdhl
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The viscosity of an oil is its tendency to re-
sist flow. An oil of high viscosity flows very
slowly. Raising the temperature of anoillowers
its viscosity; lowering the temperature in-
creases the visc sity. The measurement of vis-
cosity is discussed in chapter 7 of this text.

The viscosity index of an oil is a number in-
dicating the effect of temperature changes on
viscosity. A low viscosity index signifies a rel-
atively large change of .viscosity with changes
of temperature. An oil which becomes thin at
high temperatures and thickatlowtemperatures
is said to have a low viscosity index; a high vis-
cosity index signifies that the viscosity changes
relatively little with changes of temperature.

The pour point of an oil is the lowest tem-
perature at which the oil will barely flow from
a container. The pour point is closely related to
the viscosity of the oil. In general, an oil of high
viscosity will have a higher pour point than an
oil of low viscosity.

The flash point of an oil is the temperature
at which enough vapor is given off to flash when
a flame or spark is applied under standard test
conditions.

The fire point (higher than the flash point) of
an oil is the temperature at which the oil will
continue to burn when it is ignited.

The _auto-ignition point of an ofl is the tem-
perature at which the flammable vapors given
off from the oil will burn without the application
of a spark or flame.

The neutralization number ofan oil isameas-
ure of the acid content; it isdefined as the num-
ber of milligrams of potassium hydroxide (KOH)
required to neutralize one gram of the oil. All
petroleum products oxidize in the presence of
air and heat, and the products of oxidation in-
clude organic acids. The acids, if present in
sufficient concentration, have harmful effects
on alloy bearings at high temperatures. The
presence of acids also may result in theforma-
tion of sludge and emulsjons too stable to be
broken down. An increase ina-’ ity isanindica-
tion that lubricating ofl is deteriorating.

The demulsibility of an oil is the ability of
the ofl to separate cleanly from any water pres-
ent. Demulsibility is an important characteris-
tic of lubricating ofls used in forced-feed lubri-
cation systems,

The

tion number of an oilisameas-~

urdlof the amount of solids classified 2 asphalts
or ¢arbon residue contained in the ofl. The pre-
cipitation number {s reached by dilutinga known
quantity of oil with naphtha and separating the
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precipitate by centrifuging. The volume of the
sepasated solids equals the precipitation num-
ber. An oil with a high precipitation number is
not suitable for certain applications because it
may leave deposits inan engine or plugup valves
and pumps.

Lubricating Greases

Some lubricating greases are simple mix-
tures of scaps and lubricating oils. Others are
more exotic liquids such as silicones and
di-basic acid esters, thickened with metals or
inert materials to provide adequate lubrication.
Requirements for oxidationinhibition, corrosion

prevention, and extreme pressure performance

are met by incorporating special additives.

Lubricating greases are supplied in three
grades: soft, medium, and hard. The soft greases
are used for high speeds and low pressures; the
medium greases areused for medium speeds and
medium pressures; the hard greases are used for
slow speeds and high pressures.

CARE OF LUBRICATING OIL

Lubricating oils may be kept in service for
long periods of time, provided the purity of the
ofls i8 maintained at the required standard. The

le fact is that lubricating oil does not wear
out,” although it can become unfit for use when
it is robbed of its lubricating properties by the
presence of water, sand, sludge, fine metallic
particles, acid, and other contaminants.

Proper care J lubricating ol requires, then,
that the oil be kept as free from contamination
as possible and that, once contaminated, the ofl
must be purified before it can be used again.

PREVENTING CONTAMINATION

Strainers or filters are used in many lubri-
cating systems to prevent the passage of grit,
scale, airt, and other foreign matter. Duplex
strainers are used in lubricating systems in
which an uninterrupted flow of lubricating oil
must be maintained; the flow may be diverted
from one strainer basket to the other while one
is being cleaned. Filters may be installed di-
rectly in pressure lubricating systems or they
may be installed as bypass filters.

1 The additive ocontent of an oil may be exhausted as

the additive combats the conditions for which
it was included in the oil; butthisis a gradual process
and is never catastrophic,
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The use of strainers and filters does not
solve the prohlem of water contamination of lu-
bricating oil. Even a very small amount of water
in lubricating oil can be extremely damaging to
machinery, piping, valves, and other equipment,
Water in lubricating oil can cause widespread
pitting and corrosion; also, by increasing the
frictional resistance, water can cause the oil
film to break down prematurely. Every effort
must be made to prevent the entry of water into
any lubricating system,

REMOVING CONTAMINATION

In spite of all efforts, a certain amount of
contamination of lubricating oil is tobe expected.
Aboard ship, centrifugal purifiers are used to
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remove impurities from lubricating oil and set-
uing tanks are provided to permit used oil to
stand while water and other impurities settle out,

Centrifugal Purifiers .

A centrifugal purifier is essentially a bowl
or hollow cylindrical container which is rotated
at high speed while contaminated oil is forced
through and rotated with the container, The cen-
trifugal force imposed on the oil by the high
rotational speed of the container causes the sus-
pended foreign matter to 8eparate from the oil.

Materials that are soluble in each other can-
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by centrifugal force because the salt and water
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Figure 6-2.—Disk-type centrifugal purifier,

A e sy

- ne




Chapter 6—THEORY OF LUBRICATION

LARTY OIL
REOULATING TUSE

overrLOw TUBULAR SHAFY

PURIPIED OIL TOP DIsK
yb
. LA
wATER > \
OIBCHARGE RING OISTRIGUTING
rLuo
son. TOP
o
SOWL SHELL
DRAIN
75,233

Figure 6-3.—Path of contaminated oil through
disk-type purifier bowl (DeLAVAL).

are in solution. However, water can be separated
from lubricating oil because water and oildonot
form a solution when mixed, For separation to
take place by centrifugal force, there must be a
difference in the specific gravity of oil and the
specific gravity of water. _

When a mixture of oil, water, and sediment
is allowed to stand undisturbed, gravity tends to
cause the formation of an upper layer of oil, an
intermediate layer of water, and a lower layer
of sediment. The layers form because of differ-
ences in the specific gravities of the various sub-
stances. H the oil, water, and sediment mixture
is placed in a rapidly revolving centrifugal pu-
rifier, the effect of gravity is negligible incom=-
parison with the effect of centrifugal force. Cen-
trifugal force, acting at right angles to the axis
of rotation of the container, forces the sediment
into an outer layer, the water intoan intermediate
layer, and the oil into an innermost layer. Cen-
trifugal purifiers are 80 designed that the sepa-
rated water is discharged as waste and theoil is
discharged for use. The solids remain inthe ro-
tating unit and are cleaned out after eachpurifi-
cation operation. '

Two types of centrifugal purifiers are used
aboardchlp.'rhemlnd!mrencebetveenthe
two types is in the design of the rotating units.
In the disk-type purifier,.the rotating element
is a bowl-like container which encases a stack
of disks. In the tubular-type purifier, the rotat-

n7

A disk-type centrifugal purifier is shown in
figure 6-2, The bowl is mounted on the upper
end of the vertical bowl spindle, which isdriven
by a worm wheel and friction clutch assembly.
A radial thrust bearing is provided at the lower
end of the bowl spindle to carry the weight of the
bowl spindle and to absorb any thrust created
by the driving action.

Contaminated oil enters thetop of the revolv-
ing bowl through the regulatingtube. The oil then
passes down the inside of the tubular shaft and
out at the bottom of the stack of disks. As the
dirty oil flows up through the distribution holes in
the disks, the high centrifcgal force exerted by
the revolving bowl causes the dirt, sludge, and
water to move outward and the purified oil to
move inward toward the tubular shaft, Thedisks
divide the space within the bowl into many sepa-
rate narrow passages. The liquid confined within
each passage is restricted so thatit can only flow
along that passage. This arrangement prevents
excessive agitation of the liquid as it passes
through the bowl and creates shallow settlicg
distances between the disks. The path of contam-
inated oil passing through a disk-type purifier
is shown in figure 6-3.

Most of the dirt and sludge remains in the
bowl and collects ina more or less uniform layer
on the inside vertical surface of the bowl shell.
Avy water that may be present, together with
some dirt and sludge, i8 discharged through the
discharge ring at the top of the bowl. The puri-
fied oil flows inward and upward through the
disks, discharging from the neck of the topdisk.

A tubular-type centrifugal purifier is shown
in figure 6-4, This type of purifier consists es-
sentially of a hollow rotor or bowl whichrotates
at high speeds.'l’herotorlnaanopenmgmthe
bottom through which the dirty lubricating oil
enters; two sets of at the top allow the
oil and water (or theoil alone) todischarge. (See
insert, fig. 6-4.) The bowl or hollow rotor of the
purifier is connected by a coupling umit to
a spindle which is suspended from a ball bearing
assembly, The bowl is belt-driven by anelectric
motor mounted on the frame of the purifier.

The lower end of the bowl extends intoa flex-

_ibly mounted guide bushing. The assembly, of

whichthehnhinglaapart,reatnlnlmovement
of the bottom of the bowl but allows enough move-
mentaotlutthebovlcan“nterttaelfabontlts
axis of rotation when the purifier is in operation.
Inside the bowl is'a device which consists of three
flat plates equally spaced radially. This device
is commonlyrderredtoutbeﬂu'ee-!l_ngdeviee

[ 4 'c’.
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Figure 6-4.—Tubular-type centrifugal purifier.

or as the three-wing. The three-wing rotates
with the bowl and forces the liquidinthe bowl to
rotate at the same speed as the bowl, The liquid
to be centrifuged is fed inta the bottom of the bowl
through the feed nozzle, under pressure, sothat
the liquid jets into the bowl in a stream.

The process of separation is basically the
same in the tubular-type purifier as in the disk-
type purifier, In both types, the separated oil as-
sumes the innermost position and the separated
water moves outward. Both liquids are dis-
charged separately from the bowl, and the solids
separated from the liquid are retained in the
bowl,

Settling Tanks

Lubrication systems aboard ship include set-
tling tanks in which used oil is allowed to stand

i
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while water and other impurities settle out. Lu=
bricating oil piping is generallyarranged toper~
mit two methods of purification: batch purifica=-
tion and continuous purification,

In the batch process, the lubricating oil is
transferred from the sump to a settling tank by
means of a purifier or a transfer pump. In the
settymg tank, the oil is heated to approximately
160 " F and allowed to settle for several hours,
Water and other impurities are removed from
the settling tanks. The oil is thencentrifugedand
returned to the sump from which it was taken,

In the continuous purification process, the
centrifugal purifier takes suction from-a sump
tank and, after purifying the oil, discharges it
back to the same sump. The continuous method
of purification is used while a ship is un-
derway.

i
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CHAPTER7
PRINCIPLES OF MEASUREMENT

Measurement is, in a very real sense, the
language of engineers. The shipboardengineer-
ing plant contains an enormous number of gages
and instruments that tell operating personnel
whether the plant i8 runningproperly or whether
some abnormal condition—excessive speed, high
pressure, low pressure, high temperature, low
water level--requires corrective action. The
gages and instruments also provide essential
information for the hourly, daily, and weekly
entries for station operating logs and for other
engineering records and reports.

This chapter describes some of the basic
types of gages and instruments used in ship-
board engineering plants for the measurement of
important variables such as temperature, pres-
sure,’ fluid flow, liquid level, and rotational
speed. Because of the wide variety of gages and
instruments used in connection with shipboard
engineering equipment, no attempt is made to
cover all types that might possibly be encoun-

tered; instead, basic principles of measurement

and commonly used types of gages are empha-
sized. Unusual or highly specialized measuring
devices, or ones that have particular application
to some one type of machinery or equipment
aboard ship, are in general discussed in the
chapters of this text that deal with the particu-
lar equipment; where an unusual type of meas-
uring device is’ discussed in this chapter, it is
included chiefly as a means of bringing out
some interesting or important aspect of mea-
surement. Detailed information on most gages
t and instruments used abcard ship can he optained
: technical manuals and
% other instructional materials furnished with
# shipboard engineering equipment.

THE CONCEPT OF MEASUREMENT
One of the primary ways in which we extend

our knowledge and understanding of the universe
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and of the world around us is by the measure-
ment of various quantities. Because we live in
a world in which practically everything seems
to be in some way measured or counted, we
often tend to assume that measurement is
basically simple. In reality, however, it maybe
quite difficult to develop an appropriate mode of
measurement even after we have recognizedthe
need; and, without an appropriate mode of
measurement we may even fail to #icognize
the slgnlflcance of the phenomena we ouserve.
Thus the development of scientific and engineer-
ing principles has been, and undoubtedly will

_continue to be, inextricably tied to the concept

of measurement.

Many of our views on the nature of things
are profoundly influenced by the procedures we
devise for measurement. It is interesting to
note how often in the history of science the
application of a new instrument or the refine-
merit of a measuring technique has led to new
ideas about the universe or about the nature of
the thing being measured.! Until approximately
the middle of the seventeenth century, it was
commonly believed that water rose in a suction
pump because ‘‘nature abhors a vacuum.’’2
The concept of a ‘‘sea of air’’ surrounding the

1As Sir Humphry Davy (1778-1829) stated, "Nothing
tends 80 much to the advancement of knowledge as the
application of a new instrument.'' (Quoted in Harvard
Cage Histories in Experimental Science, James s Bryant
Conant, general editor, and Leonard K. Nash, associate
editor, Cambridge, Massachusetts, 1957, Vol. 1, page
119.)

2'l‘he explanation that "nature abhors a vacuum''per-
sisted for quite some time in spite of the observed
fact that water would not rise more than about 32
feet in the suction pumps of the time and in spite of

. Galileo's observation that "Evidently nature's horror

of a vacuum does not extend beyond 32 feet,'!
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earth and exerting pressure upon it was very
closely related to Torricelli’s experiments with
a column of mercury in a glass tube. The notion
that the air above us exerts a pressure was
not fully accepted until after Pascal had arranged
an experiment to test the hypothesis. Pascal
suggested using Torricelli’s new instrument,
the barometer, at the base of a mountain and
then again at the top of the mountain, If the air
exerts a pressure, Pascal reasoned, the mer-
cury should stand higher in the glass column
at the base of the mountain than it should at the
top. The experiment was performed by Pascal’s
brother-in-law in 1648, and the prediction was
confirmed. Further experimentation and mea-
Surement by Robert Boyle and others led to the
development of many important concepts con-
cerning the nature of air and other gases, and

led eventually toan understanding of the relation-

ship between the volume and the pressure of
a gas (Boyrle’s law).

Perhaps an even more striking example of
the effects of measurement upon our basit con-
cepts of the nature of things is to be found in
the study of heat. Quantitative studies of heat
were not possible before the invention of the
thermometer.3 It was not until the middle of
the nineteenth century that the concept of heat
as a form of energy, rather thanasan invisible,
weightless fluid called ‘‘caloric,’’ was firmly
established. The persistence of the caloric
theory to such a late date was due partly to
faulty interpretations of experimental results;
but these faulty interpretations were at least in
part the result of difficulties of measurement,
The downfall of the caloric theory wasnecessary
before we could conceive of heat as energy,
rather than as a nebulous kind of matter, and
before we could understand the relationship
between heat and work.4 In summary, it would

3Joseph Blaok (1728--1799), commentingonthe discov-
ery that heat tends to flow from hotter to colder bodies
until a state of thermal equilibrium is reached, stated;
"No previous acquaintance withthe peculiar relationof
eaoh body to heat could have assuredus of this, and we
owe the digcovery entirely to the thermometer, '
(From Blaok's tures on the Elerzents of Chemist .
assembled from notes and published in 1303 6
Robinson, Quoted in Harvard Case Histories in Ex-~
perimental Scienoe, ap. cit,, vol, 1, pageizs.)

4='rhe relationship between heat and work is, of course,
basic to the entire field of engineering, Chapter 8 of
this text deals with this topic in considerabie detail.
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not be unreasonable to say that the thermometer
had to be invented before we could arrive at an
understanding of the nature of heat, the relation-
ship between heat and mechanics, and the prin-
ciple of the conservation of energy.

SYSTEMS, UNITS, AND STANDARDS
- OF MEASUREMENT

Practically all units of measurement are
derived from a few basic quantities or funda-
mental dimensions, as they are sometimes
called. In all commonly used systems of mea-
Surement, lengh and time are taken as two of
the fundamental dimensions. A third is MASSin
some systems and force (or weight) in others.
In all systems, temperature is the Tourth funda-
mental dimension,

The first three fundamental dimensions—
length, time, and either mass or force—are
sometimes called mechanical quantities or di~
mensions. All other important mechanical quan-
tities can he defined in terms of these three
fundamentals. Temperature, the fourth funda-
mental dimension, is in a different category
because it is not a mechanical quantity. Byusing
the three mechanical fundamental quantitiesand
the quantity of temperature, practically all
quantities of any importance may be derived,

It is often said that there are two systems of
measurement—a metric system and a British
System. Actually, however, there are several
metric systems and several British systems,
A more meaningful classification of systems of
measurement can be made by saying that some
systems are gravitational and others are abso-
lute. In gravitational systems, the units of force
are define terms of the effects of the force
of gravity upon a standard sample of matter at
a specified location on the surface of the earth.
In absolute systems, the units of force are de-
fined in terms that are completely independent
of the effects of the force of gravity., Thus a
metric system could be either gravitational or
absolute, and a British system could be either
gravitational or absolute, depending upon the
terms in which force is defined inthe particular
system,

. MASS AND WEIGHT

120

To understand what is meant by gravitational
and absolute systems of measurement, it is nec-
essary to have a clear understanding of the
difference between mass and weight. Mass, a
measure of the total quantity of matter In an
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object or body, is completely independent of the
force of gravity, so the mass of any given ob-
ject is always the same, no matter where it is
located on the surface of the earth; indeed, the
body would have the same mass even if it were
located at the center of the earth, on the moon,
in outer space, or anywhere else, Weight, on
the other hand, is a measure of the force of
attraction between the mass of the earth and
the mass of another body or object. Since the
force of attraction between the earthand another
body is not identical in all places, the weight of
a body depends upon the location of the body

- with respect to the earth.

The relationship between mass and weight
can be understood from the equation

W=mg
where

w= weight

m= mass

g = acceleration due to gravity

The value for acceleration due to gravity
(normally represented by the letter g) is almost
constant for bodies at or near the surfaceof the
earth. This value is approximately 32 feet per
second per second in British systems of meas-
urement, 9.8 meters per second per second in
one metric system, and 980 centimeters per
second per second in another metric system.
More precise values of g, including variations
that occur with changes in latitude and changes
in elevation, may be obtained from physics and
engineering textbooks and handbooks.

BASIC MECHANICAL UNITS

Table 7-1 shows the basic mechanical quan-
tities of lengik, mass or force, and time, to-
gether with a number of derived units, used in
several systems of measurement. By examin-
ing some of the units, we may see how force
is defined and thus see why each system is
called ‘‘absolute’”’ or ‘‘gravitational,’’ as the
case may be.

In the metric absolute meter-kuogram-
second (MKS) system of measurement, the unit
of mass is the kilogram, the .unit of length is
the meter, the unit of time i’ the second, and
the unit of acceleration is meters per second
per second. (This is sometimes written as
m/sec2.) The unit of force is called a Newton.
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By definition, 1 newton is the force required to
accelerate a mass of 1 kilogram at the rate of 1
meter per second per second.  In other words,
the unit of force is defined in such a way that
unit force gives unit acceleration to unit mass.
~ The same thing holds true inthe other metric
absolute system shown in table 7-1, In the
metric absolute centimeter-gram-second (CGS)
system of measurement, the gram is the unit
of mass, the centimeter is the unit of length,
the second is the unit of time, and centimeters
per second (cm/sec?) is the unit of accelera-
tion. In this system, the unit of force is called
a dyne. By definition, 1 dyne is the force re-
quired to accelerate a mass of 1 gram at the
rate of 1 centimeter per second per second.
Again, force is defined in such a way that unit
force gives unit acceleration to unit mass.

The same applies to the British absolute
foot-pound-second (FPS) system of measure-
ment, where the pound is the unit of mass, the
foot is the unit of length, the second is the unit
of time, and feet per second per second is the
unit of acceleration. In this system, unit of
force is called a poundal. By defffiltion, 1
poundal is the amount of force required to give
a mass of 1 pound an acceleration of 1 foot per
second per second. Again, force is defined in
such a way that unit force gives unit accelera-
tion to unit mass.

Now let’s look at a British gravitational
system—the foot-pound-second (FPS) gravita-
tional system that we use in the United States
for most everyday measurements. The foot is
the unit of length, the pound is the unit of mass,
the second is the unit of time, and feet per
second per second is the unit of acceleration.
In this system, the unit of force is called the
pound. (Actually, it should be called the pound-
force; but this usage is rarely followed,) In
this system. a force of 1 pound acting upon a
mass of 1 pound produces an acceleration of 32
feet per second per second. Note that unit
force does not produce unit acceleration when
acting on unit mass; rather, unit force produces
unit acceleration when acting on unit weight.
Since force is defined in gravitational terms,
rather than in absolute terms, we say that this
is a gravitational system of measurement.

The gravitational system that is usually
called the British Engineering System alsouses
the pound (or, more precisely, the pound-force)
as the unit of force. But this system has its
own unit of mass: the slug. By definition, 1
slug is the quantity of mass that is accelerated
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Table 7-1,—~Units of measurement in Several Common Systems,

MKSB Metric CGS Metric British FPS British Engineer- British FPS

Absolute
System

Absolute
Bystem

Absolute

ing Gravitational
System

System

Gravitational
System

Length meter (m) centimeter (cm)

foot (ft) foot (tt) foot (ft)

te ntimete:
l(lg*;reme r ::;%;ece meter

square foot square f:ot 8quare foot

(tt2)

(®2) 3

cubic centimeter
(cm9 or cc) or
milliliter (ml)

cubic meter (m9)
or liter (1)

cublc foot
(1t3)

cubic foot
s

cublc foot
"’

Mass kilogram (kg) gram (g)

pound (lb) slug pound (Ib)

Force (Weight) newton

dyne
_(n, new, or nt)

poundal (pdl) pound (lb) or

pound (ib) or
pound-force (1bf)

pound-force (lbf)

Tlme. second (sec)

second (sec)

second (sec) second (sec) second (sec)

Velocity m/sec cm/sec

ft/sec ft/sec ft/sec

Acceleration m/secd cm/sec?

ft/sec? ft/sec? ft/sec2 -

at/md

Pressure dynes/cm?

pdl/nd 1b/112 or 1of/1t2 1b/112 or 1ng/1t2

Energy

Joule erg

foot-poundal

foot-pound (ft-1b)
(ft-pdl)

or foot-pound-
force (ft-1bf)

foot-pound (ft-1b)
or foot-pound-force
{ft-1bf)

ergs per second
{erg/sec)

ft-pdl/sec ft-lb/sec or

ft-1bl/sec

it-1b/sec or
ft-1bt/sec

at the rate of 1 footper secondper second when
acted on bj

’
2 slugs equals 64 pounds,
By using the slug as the unit of
mass, the British engineering system sets up
consistent units of measurement in which unit
force acting upon unit mass produces unit ac-
celeration. Note, however, that this is still a
gravitational sysiem rather than an absolute
'ystem- ) ’
By this time it should be obvious that the
- relationships expressed in one system of mea-
surement do not necessarily hold when a dif-
ferent system is used, When using any particular
system, it is essential to understand the precise
meaning of all terms used-in that system. This
is not always a simple matter, since there are
an enormous number of possible combinations
of units and in many cases the same word is

.12

used to express quite different ideas, Another
Source of confusion is the way in which the
various systems of measurement are used, In
everyday life we use the British gravitational
FPS system. In scientific work we use one of
the metric systems, In engineering and other
technical fields we use a British system or a
metric system, depending upon the field in-
volved. The only way to avoid total confusion in
the use of measurement terms is to make sure
that.you understand the precise meaning of each
term, as it relates to the particular system
being used, ' :

- The units shown in table 7-1 are only a few
of the units that may be derived In each system,
For example, the unit of pressure shown for
both of the British gravitational systems is
pounds per square foot (1b/ft2, or psf), How-
ever, the unit pounds per square inch (1b/in2,
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or psi) is equally acceptable and is very com-
monly used. Similar conversions can be made
for any of the other units, as long as the basic
relationships of the system areaccurately main-
tained.

When converting values from a metric sys-
tem to a British system (or vice versa) it is
necessary to understand the units used in each
system. Most of us krow quite a bit about the
units commonly used in British systems, but
less about the units used in metric systems.
A description of thebasic structure of the metric
systems follows.

All metric systems of measurement are
decimal systems-—that is, the size of the units

vary by multipies of 10. This makes computa-
tions very simple, Another handy thing about
the metric systems is that the prefixes for the
names of the umits tell you the relative size of
the units. Take the prefix kilo-, for example.
Kilo-indicates 1000; so a kilogram is 1000
grams, a kilometer is 1000 meters, and soforth.
Or take the prefix milli-, for another example;
it indicates a thousandth. So 1 millimeter is 1
thousandth of a meter, 1 milligram is 1 thou-
sandth of a gram, and so forth. Perhaps the
best way to become familiar with the units in
the metric systems is to associate the more
commonly used prefixes with the positive and
negative powers of 10, as shown in table 7-2,

Table 7-2. ~Metric System Prefixes and Corresponding
Positive and N¢gative Powers of 10.

METRIC SYSTEM PREFIXES

POSITIVE AND NEGATIVE POWERS OF 10

DEKA- or DECA

HECTO-

MILLI-

MICRO-

1

10! = 10

o2 = 100

105 = 1000
8

(o
o
n
>
]
o
[=
8

10! = 0.1 (or y10)
102 = 0.01 (or 1/100)
103 = 0.001 (or 1/1000)
108 -

0. 000001 (or 1/1, 000,000)
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Table 7-3 gives some selected values for Bureau of Weights and Measures is in France,
mechanical units in British systems of mea- Each major country has its own bureay oroffice
Surement, Table 7-4 gives some selected values charged with the responsibility of maintaining
for mechanical units in metric systems of the required measurement standards, including
measurement, Table 7-5 gives some British- the basic standards of length, mass, and time,
metric and metric-British equivalents, The ex- In the United States, the National Bureau of
amples given in these tables are chosen pri- Standards (NBS) is responsible for maintaining -
marily to help you develop an understanding of basic standards and for prescribing precise
the relative sizes of the mechanical units, More measuring techniques, '
complete tables are available in many physics
and engineering textbooks and handbooks, Length

' _ Until quite recently, the international stand-

STANDARDS OF MEASUREMENT ard of length was a platinum-iridium alloy bar
kept at the International Bureau of Weights and

The importance of having preciseand uniform Measures in France, By definition, the stand-
standards of measurement is recognized by all ard meter was the distance betweentwo parallel |
the major countrics of the world, and inter- lines marked on this bar, measured at o°c. !
national conferences on weights and measures Copies of this international standardwere main-
are held from time to time, The International tained by other countries; the United States

Table 7-3. ~Selected Values of Mechanical Units
in British Systems ot Measurement.

TYPE OF MECHANICAL UNIT SELECTED VALUES
LENGTH 12 inches (in.) = 1 foot (ft)
3ft = 1yard(yd)
5280 ft = 1 mile (mi)
1760 yd = 1 mj :
' AREA 144 square inches = 1 square foot
i " (sq in. or in, 2) (sq ft or ft 2)
o = jyq2
VOLUME 1728 cubic inches =°1 cubic foot
(cu in. or in. 3) (cu ft or fta)

, 27 6% = 1y48

| FORCE (WEIGHT) 16 ounces (0z) = 1 pound (1b) |
f 200001b = 1ton i

VELOCITY 60 miles per hour =

88 feet per second
(ft/sec) (mi/hr or m

ph)
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Table 7-4. —Selected Values of Mechanical Units in
Metric Systems of Measurement.
F TYPE OF MECHANICAL UNIT SELECTED VALUES
~ LENGTH 10 millimeters (mm) = 1 centimeter (cm)
10 cm = 1decimeter (dm)
10dm = 1 meter (m)
100cm = 1 meter
1000 mm = 1 meter
10m = 1dekameter (dkm)
: 100 m = 1 hectometer (hm)
é 1000 m = 1kilometer (km)
g TS T ===-° At iy g sessssSsss=- ; """ s
AREA 100 square millimeters (mm“) = lcm
100 cm® = 1dm?
100 dm® = 1m®
VOLUME 3
1000 cubic millimeters (mm3) = 1cm
1000 cm® = 1dm®
1000 dm® = 1md
, i} 1 milliliter (ml) = 1 em®
| 1000 ml = 1liter (1)
- 100 centiliters (cl) = 1 liter
10 deciliters (dl) = 1liter
MASS 1000 milligrams (mg) = 1gram (g)
100 centigrams (cg) = 1gram
1000 grams = 1 kilogram (kg)

standard meter bar was maintained -at the
National Bureau of Standards in Washington,
“ D.C.
Note that the standard of length was the
meter even for countries that were not on the
metric system. The yard was defined in terms
of the meter, 1 yardbeing equal to0.9144 meter.

by lnternatlonal agreement to an atomic con-
stant: the wavelength of the orange-red light

tube filled with krypton -gas in 'which an'elec-

trical dlscharge is maintained. By definition, 1
meter is equal to '1,650,763.78 wavelengths of

129

emitted by individual atoms™'of krypton-86 ina

“In 1960, the standard of length was changed

128

the orange-red light of krypton-86, and 1 inch
is equal to 41,929.3980 wavelengths. A device
called an optical interferometer is used to de-
term! :e the number of the wavelengths of the
orange-red llght of krypton-BB in an unknown
length.

Mass’

The standard of mass is the massofa cylin-

. der- of platinim-{ridium alloy defined as having

a mass of 1 kilogram, The international standard
kilogram mass is kept at the International
Bureau of Weights 1nd Measures in France. The"

Cele
S T ’
PN
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‘ Table 7-5. —Selected British-Metric and Metric-British Conversions.

TYPE OF
MECHANICAL BRITISH-METRIC CONVERSIONS METRIC-BRITISH CONV ERSIONS
UNIT ' .
LENGTH 1 inch = 2.540 centimeters 1 centimeter = 0.38937 inch
1 foot = 0.3048 meter 1 meter = $9. 37 inches
1 yard = 0. 9144 meter 1 kilometer = 0.62137 mile
1 mile = 1. 6093 kilometers
1 mile = 1609, 8 meters
AREA 11n.2 = 6.452 cm? 100 mm2= 0. 15499 in, 2
112 = 929 cm? 100 cm? = 15.499 in.2
1 yd® = 0. 8361 m? 100 m2 = 119, 6 yd?
1 mi? = 2.59 km? 1km? = 0,386 mi®
VOLUME 3 3 3 3
1in.” =16.887cm 1000 mm" = 0.06102 in.
11t 3 - 0.0288 m® 1000 cm® = 61,02 in.’
1 ya® = 0.7646 m® 1m® = 35.914 113
231 in. 3 = 35,7858 liters 1liter = 1,0567 liquid quarts
WEIGHT 1 grain = 0. 0648 gram l1gram = 15.4824 grains
1 ounce = 23. 3495 grams 1 gram = 0.03527 ounce
1 pound = 453,592 grams 1 gram = 0.002205 pound
1 pound = 0. 4536 kilograms ‘1 kilogram = 2.2046 pounds

United States standard kilogram mass is kept

- at the National Bureau of Standards.

- The standard of mass is kept in a vault, Not
more than once a year, the standard is removed
from the vault and used for checking the values
of smaller standards. The United States stand-
ard kilogram mass has been taken to France
twice in the last seven years for comparison
with the international standard. Every precau-
tion is taken to keep the kilogram standard mass
in perfect condition, free:of nicks, scratches,
and corrosion., The standard is always handled

with forceps; it is never touched by human

hands.

When the national standard is compared on
a precision balance with high precision copies,
the copies are found to be accurate to within
one part in 100 million,

Time

Before 1960, the standard of time was the
mean solar second--that is, 1/86,400 of a mean
solar day, as determlned by successive ap-
pearances of the sun overhead, averaged over a
year, In 1960 the stangard of time. wxe changed
to the tri lcal year 1900, which is time it
took the sun fo move from a designated point
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back to the same point in the year 1900.
By definition, 1 second was equal to
1/31,556,925.9747 of the tropical year 1900.
The subdivision of the tropical year 1900 into
smaller time intervals was accomplished by
means of laboratory-type pendulum clocks,
together with observation of natural phenomena
such as the nightly movement of the stars and
the moon.

Although the standard of time was changed
to the tropical year 1900 in 1960, the same
General Conference of Weights and Measures
that approved this change also urged that work
go forward on the development of an atomic
clock. In 1967, the General Conference of Weights
and Measures adopted as the basic standard
of time the time required for the transition
between two energy states of the cesium-133
atom. In accordance with this standard, 1 second
is defined as 9,192,631,770 cycles of this parti-
cular transition in the cesium-133 atom.

The United States standard of time is main-
tained by a cesium clock which is kept at the
National Bureau of Standards laboratories in
Boulder, Colorado. The time signals that are
broadcast by four radio stations operated by
the National Bureau of Standards are based on
this cesium clock.

MEASUREMENT OF TEMPERATURE

Temperature is measured by bringing a
measuring system (such as a ther mometer) into
contact with the system in which we need to
measure the temperature. We then measure
some property of the measuring system--the
expansion of a liquid, the pressure of a gas,
electromotive force, electrical resistance, or
some other mechanical, electrical, or optical
property that has a definite and known relation-
ship with temperature. Thus we infer the tem-
perature of the measured system by the mea-
surement of some property of the measuring
system,

But the measurement of a property other
than temperature will take us only so far in
utilizing the measurement of temperature. For
convenience in comparing temperatures and in
noting changes in temperature, we must be able
to assign a numerical value to any given tem-
perature. For this we need temperature scales.

Until 1954, temperature scales were con-
structed around the boilingpoint andthefreezing
point of pure water at ‘atmospheric pressure.
These two fixed and reproducible points were

3

é131 ;

used to define a fairly large temperature in-
terval which was then subdivided into the uni-
form smaller intervals called degrees. The two
most familiar temperature scales constructed
in this manner are the Celslus scale and the
Fahrenheit scale.

The Celsius scale is often called the centi-
grade scale ia the United States and Great
Britain. By international agreement, however,
the name was changed {rom centigrade to Cel-
sius in honor of the eighteenth-century Swedish
astronomer, Anders Celsius. The symbol for
a degree on this scale (no matter whether it is
called Celsius or centigrade) is °C. The Cel-
sius scale takes 0° C as the freezing point and
100° C as the boiling point of pure water at
atmospheric pressure. The Fahrenheit scale
takes 82° F as the freezing point and 212° F
as the boilfhg point of pure water at atmospheric
pressure. The interval between freezing point
and boiling point is divided into 100 degrees
on the Celsius scale anddivided into 180 degrees
on the Fahrenheit scale,

Since the actual value of the interval between
freezing point and boiling point is identical, it
is apparent that numerical readings on Celsius
and Fahrenheit thermometers have no absolute
significance and that the size of the degree is
arbitrarily chosen for each scale. Therelation-
ship between degrees Celsius and degrees
Fahrenheit is given by the formulas

°F °C + 82

ol oo

°C = (°F - 82)

Many people have trouble remembering these
formulas, with the result that they either get
them mixed up or have to look them up ina
book every time a conversion is nzcessary. If
you concentrate on trying toremember the basic
relationships given by these formulas, you may
find it easier to make conversions. The essen-
tial points to remember are these:

1, Celsius degrees are larger than Fahren-
heit degrees. One Celsius degree is equal to1.8
Fahrenheit degrees, and each Fahrenheit degree
is only 5/9 of a Celsius degree. :

2. The zero point on the Celsius scale re-
presents exactly the same temperature as the
32-degree point on the Fahrenheit scale.
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3. The temperatures 100 ° C and 212° F
are identical,

In some scientific and engineering work,
particularly where heat calculations iare
involved, an absolute temperature scale is used,
The zero point on an absolute temperature scale
is the point called absolute zero, Absolute zero
is determined theoretically, rather than by
actual measurement. Since the pressure of a
gas at constant volume is directly proportional
to the temperature, it is logical to assume that
the pressure of a gas is a valid measure of
its temperatice. On this assumption, the lowest
possible temp2:uture (absolute zero) is defined
as the temperature at which the pressure of a
gas would be zero,

Two absolute temperature scales have been
in use for many yrars. The rankine absolute
Scale is an exiensicn of the F nheit scale;
it is sometimes called the Fahrenheit absolute
scale. Degrees on the Rankine Scale are the
Same size as degrees on the Fahrenheit scale,
but the zero Point on the Rankine scale is at
=459.67 ° Fahrenheit. In other words, absolute
zero is zero on the Rankine scale and -459,67
degrees on the Fahrenheit scale, ' .

A second absolute scale, the kelvin, is more
widely used than the Rankine, The Kelvin scale
was originally conceived as an extension of the
Celsius scale, with degrees of the same size
but with the zero point shifted to absolute zero,
Absolute zero on the Celsius seale is -273.15° C.

In 1954, a new international absolute scale.

was developed. The new scale was based upon
one fixed point, rather than two. The one fixed
point was the triple point of water--that is,
the point at which all three phases of water
(solid, liquid, and vapor) can exist together in
equilibrium, The triple point of water, which
is 0.01° C above the freezing point of water,
was chosen because it can be reproduced with
much greater accuracy than either the freezing
point or the boiling point, On this new scale,
the triple point was given the value 273.16 K,
Note that neither the word ‘‘degrees’’ nor the
symbol ° is used; instead, the unit is called
a ‘‘kelvin” and the symbol is K rather than
° K. _

" In 1960, when the triple point of water was
finally adopted as the*fundamental reference
for this temperature scale, the scale was: given
the nameof International Practical Temperature

‘Scale. However, you. will often see this scale

referred to as the Kelvin Scale,

Although the triple point of water is cone-
sidered the basic or fundamental reference for
the International Practical Temperature Scale,
five other fixed points are used to help define
the scale. These are the freezing point of gold,
the freezing point of silver, the boiling point of
sulfur, the boiling point of water, and the boiling
point of oxygen.

Figure 7-1.is a comparison of the Kelvin
(Internatloual-Practlcal), Celsius, Fahrenheit,
and Rankine (Fahrenhelt-Absolute) temperature
scales, All of the temperature points listed
above absolute zero are considered as fixed
Dboints on the Kelvin scale except for the freez-
ing point of water. The other scales, as pre-
viously mentioned, are based on the freezing
and boiling points of water.,

TEMPERATURE MEASURING DEVICES

Since temperature is one of the basic en-
gineering variables, temperature measurement
is essential to the proper operation of a ship-
board engineering plant. The temperature of
Steam, water, fuel ofl, lubricating oil, and other
vital fluids must be measured at frequent in-
tervals and the results of this measurement
must in many cases be entered in engineering
records and logs.

Devices usedfor measuring temperature may
be classified in various ways. In thisdiscussion
we will consider the two major categories of
(1) expansion thermometers, and (2) pyrometers.

Expansion Thermometers

Expansion thermometers operate on the
principle that the expansion of solids, liquids,
and gases has a known relationship to tempera-
ture changes. The types of expansion thermome-
ters discussed here are (1) liquid-in-glass

. thermometers, (2) bimetallic expansion ther-

‘mometers, and (3) filled-system expansion
thermometers. :
LIQUID - IN - GLASS THERMOMETERS, ~
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Liquid-in-glass thermometers are probably the
oldest, the simplest, and the most widely used
devices for measuring temperature, A liquid-
in-glass thermometer (fig. 7-2) consists of a
bulb and a very fine bore capillary tube con-
taining mercury, mercury-thallium, alcohol,
toluol, or some other liquid which expands
uniformly as the temperature rises and con-
tracts uniformly as the temperature falls. The
Selection of liquid is based on the temperature

.
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(K) (°c) (°F) °R)
] (] N ()
. . .4 408,
FREEZING POINT OF GOLO — — — — — — 1236.2 1963.0 1948 2405.07
17614 222107
FREEZING POINT OF SILVER— — — — — — — 1234.0 960.8
I
i BOILING POINT OF SULFUR— — — — — — 7n7.8 444.6 832.3 1291.97
i
I
BOILING POINT OF WATER = — — — — —— 373.18 100.0 212,0 671,67
273. . 32,01 491.7
TRIPLE POINT OF WATER— = — — ——— - hd °.°' d 31708
FREEZING POINT OF WATER— —~ ————1f-e 27315 0 32.00 491.69.
BOILING POINT OF OXYGEN—— — = — —— 1}l 90.18 ~182,97 —297,38 162,32
o -273.1 ~459.67
ABSOLUTE ===ZERD == — — = = — = = { _ L 4%9.6 0
! CONVERSION FACTORS U U U U
‘TEMP F 440 s 1,8 (TEMP C +40) KELVIN CELSIUS  FAMRENMEIT  RANKINE
TEMP F = |,8 (TEMP C) +32  (INTERNATIONAL- : (FAHRENMEI T—
TEMP C« (TEMP F =32}/ 1.8 PRACTICAL) ABSOLUTE)

TEMP K= TEMP.C +273 .18

range in which the thermometer is to be used,
Mercury (or mercury-thallium) is commonly
used because it is a liquid over a wide range
~ 1 of temperatures (=80° to 1200°F) and because
“. 1 it has anearly constant coefficient of expansion,5
: Almost all liquid-in-glass thermometers are
sealed so that atmospheric pressure will not

5Not all liqutds are suitable for uee inthermometers,
Water, for example, would be an-alinost impossible
choice as a thermometric liquid at ordinary temper-
atures because its coefficient of expansion varies
enormously at temperatures near 0° C. Inthe temper- -
ature range between 0° C and 4° C,. water expands .
when cooled and contracts when heated thus it actually
has a negative coefficient of expa.neion in this range, -

12b

33.11(147B)

Figure 7-1.—Comparison of Kelvin, Celslus, Fahrenheit, and Rankine temperature.

affect the reading. The space above the liquid
in this type of thermometer may be a vacuum
or it may be filled with an inert gas such as
nitrogen, argon, or carbon dioxide,

The capillary bore may be either round or
elliptical, In any case, it is very small so that
a relatively small expansion or contraction of
the liquid will cause a relativély large change
in the position of the liquid inthe capillary tube.
Although the capillary bore itself is very small
in diameter, the walls of the capillary tube are
quite thick. Most llquldaln-glaee thermometers
are made with an expansion chamber at the top
of the bore to provide a margin of safety for
the' lnetrument if-it should accldentany be over-
heated, : _
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Liquid-in-glass thermometers may have
graduations etched directly on the glass stem
or the graduations may be carried ona separate
strip of material which is placed behind the
stem. Many thermometers used in shipboard
engineering plants have the graduations marked
on a separate strip, since this type isin general
easier to read than the type which has the
graduations marked directly on the stem.

Liquid-in-glass thermometers are made in
various designs. The stem may be straight or
it may be angled in various ways, depending
upon the requirements of service, The thermom-
eters may be armored or they may be partially

enclosed by a metal case, if such protection is

hecessary, Several types of angle-stem liquid-
in-glass thermometers of the type commonly
used aboard ship are shown in figure 7-3, These
thermometers are used in S-inch, 7-inch, and
9-inch scale lengths, However, bimetallic ther-
mometers are currently be ing substituted aboard

pmeslw CHAMBER
e—STEM

== CAPILLARY BORE

GRADUATIONS

r MENISCUS

—— LIQUID COLUMN

ISR RA R RN LA RN AN REAL )

BULS

‘ 33.11(147A)
Figure 7-2.—Liquid-in-glas§ thermometer,
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ship for the 5-inch scaie 1 jaid-in-glass ther-
mometers,’

Most liquid-in - glass thermometers used
aboard ship are provided with ‘wells or Separable
sockets. The well is installed ‘in the piping Sys-

‘tem or egquipment where the temperature is to
be measured, and the thermometer glass bulb
and part of the glasu stem are fitted into a thin
metal protection tube, packed with a heat-
transfer materia!, and fastened in place in the
well, - The well is made of metals that will
withstand the temperatures, pressures, and
fluid velocities without damage; it protects the
glass sensing bulb against damage and also
eliminates the need for closing down a system
or securing a piece of machinery merely in
order to replace a thermometer.

One disadvantage of the well type of instal-
lation is that a certain amount of time is re-
quired for the thermometer to reach thermal
equilibrium with the system in which the tem-
perature is being measured. To some extent,
the time lag canbe decreased by filling the space
around the bulb in the well with a heat transfer
medium such as graphite. Where rapidresponse
to temperature changes is a vital requirement,
however, bare bulb thermometers are used in-
stead of the well type of instaliation. Bare bulb
thermometers have very much faster response
to changes in temperature, but they cannot be
removed for replacement or servicing while

the machinery is operating or the line is under
pressure,

43° AZOLINED ANGLE 48® INcLNED

ANeLE

LEFT 810K ANGLE
ﬂ:t i
1.26

, 61.
Figure 7-3,~Angle-stem liquid-in-glass
: thermometers, :

1
i
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Where special requirements exist, special
types of liquid-in-glass thermometers are used.
For example, maximum and minimum indica-
ting thermometers are used in magazines aboard
ship, for weather observations, and for various
other applications where it is necessary to
know the highest and the lowest temperatures
that have occurred during a certain interval
of time. One type of maximum indicating ther-
- mometer is shown in figure 7-4, and one type
of minimum indicating thermometer is shown
in figure 7-5. ,

The maximum indicatingthermometer shown
in figure 7-% is a mercury thermometer with
a special constriction in the bore. When the
temperature rises, the pressure of the expand-

CONSTRICTION
IN BCRE

$° LBOVE
HORIZONTAL

LOWER CAREFULLY
TO: VERTICAL
POSITION TO READ

ing mercury in the bulb forces mercury past

the constriction in the bore, When the tempera-
ture falls, the mercury does not return to the
bulb, Why? Even if the thermometer were in an
upright position, the constriction in the bore
would prevent the normal return flow of mercury
by gravity: in addition, the maximum indicating
thermometer is mounted with the bulb a few
degrees above the horizontal position, sothat the
mercury column slopes downward fromthe con-
striction, Thus the thermometer always indi-
cates the highest temperature that has been
reached since the instrument was last set. Ex-
pansion and contraction of the mercury in the
bore above the constriction does occur with
temperature changes, but it is so slight as to

SUPPORY

Figure 7-4,—~Maximum indicating thermometer,

CURRENT

" INVERTY FOR
SETTING

MIN. TEMP. qoue

- ;'

-

" Figure 7-5,—Minimum indicating thermometer.

. 135
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be negligible for most purposes because only a
very small amount of mercury is contained in
the very narrow bore, '

The minimum indicating thermometer shown
in figure 7-5isanalcohol- in-glass thermometer
with an unusually large bore. The upper part of
the bore is filled with airunder pressureto help
prevent evaporation of the alcohol, The ther-
mometer is mounted with the bulb afewdegrees
below the horizontal position, A dumbbell-shaped
piece of black glass (called an index) is the
device that makes possible a reading of the mini-
mum temperature that has occurred since the
thermometer was last set. As the temperature
increases, the alcohol readily flowsupward past
the index without moving it. As the temperature
decreases, the retreating alcohol column flows
past the index until the top of the column touches
the upper end of the index. With a further de-
crease in temperature, the alcohol retreats still
more and surface tension causes the index tobe
carried along down with the column. If the tem-
perature increases again, the index is left un-
disturbed at its lowest pdint while the alecohol
column rises again,
always indicates the Yowest temperature that has
occurred since the thermometer. was last set,

BIMETALLIC EXPANSION THERMOM-
ETER.—Bimetallic expansion thermometers
make use of the fact that different metal% have
different coefficients of linear expansion.” The
essential element in a bimetallic expansion
thermometer is a bimetallic strip consisting of
two layers of ‘different metals fused together.
When such a strip is subjected to temperature
changes, one layer expands or contracts more
than the other, thus tending to change the cur-
vature of the strip. .

The basic principle of abimetallic expansion
thermometer is illustrated in figure 7-8. When
one end of a straight bimetallic strip is fixed in
place, the other endtendsto curveaway from the
side that has the greater coefficient of linear
expansion when the strip is heated., -

6'l‘he coefficient of linear expansion is defined as the

change in length per unit length per degree change in .
¢ : is definition, the - - .
numerical value of the coefficient of linear expansion .~

temperature, As is apparent from
is independent of the units in which the length is ex-

preased but is not independent of the temperaturescale
chosen, ' -

- .
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8 the top of the index

E coLp

FIXED
END

/

THIS METAL HAS GREATER
COEFFICIENT OF LINEAR
EXPANS|ON

HOT

THIS METAL HAS
SMALLER COEFFICIENT
OF LINEAR EXPANSION

147.53
Figure 17-6.—Effect of unequal expansion of
bimetallic strip,

For use in thermometers, the bimetallic
strip is normally wound into a flat spiral (fig.
7-7), a single helix, or a multiple helix, The
end of the strip that is not fixed in position is
fastened to the end of a pointer which moves
over a circular scale. Bimetallic thermometers
are easily adapted for use as recording ther-
mometers; a pen is attached to the pointer and
is positioned in such a way that it marks on a
revolving chart. ‘

Bimetallic thermometers used aboard ship
are normally used in thermometer wells. The
wells are interchangeable with those used for
mercury-in-glass thermometers,

FILLED-SYSTEM THERMOMETERS,—In’
general, filled-system thermometers are de-
signed for use in locations where the indicating
part of the instrument must be placed some
distance away from the point where the tem-
perature is to be measured.” For this reason
they are often called distant-reading thermom-
eters,

A filled-system thermometer (fig. 7-8) con-
sists- essentially of a hollow metal sensing bulb

"This 18 not true of all filled-system thermometers,

“In a few designs the capillary tubing is extremely short

and .in"d.fw it is nonexistent. In general, however,
filléd-system thermometers are designed to be dis-
tant-reading thermometers, and most of them do in
fact serve this purpose. Some distant-reading ther-

* mometers may bave capillaries as long as 125 feet,

1s
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at one end of a small-bore capillary tube, con-
nected at theother end toa Bourdon tube or other
device which responds to volume changes or to
pressure changes. The system is partially or
completely filled with afluid which expands when
heated and contracts when cooled. The fluid may
be a gas, mercury, an organic liquid, ora com-
bination of liquid and vapor.

The device usually used to indicate tempera-
ture changes by its response to volume changes
or t% pressure changes is called a Bourdon
tube.® A Bourdon tube is a curved or twisted
tube which is open at one end and sealed at the
other. The open end of the tube is fixed in posi-
tion and the sealed end is free to move. The
tube is more or less elliptical in cross section;
it does not form a truecircle. The cross section
of a noncircular tube which is sealed at one end
tends to become more circular when there isan
‘increase in the volume or in the internal pres-
sure of the contained fluid, and this tends tc
straighten the tube. Opposing this action, the

ring action of the tube metal tends to coil the
Since the open end of the Bourdon tube
is rigidly fastened, the sealed end moves as
the volume or pressure of the contained fluid
changes. When a pointer is attached tothe sealed
end of the tube through appropriate linkages,
and when the assembly is placed over anappro-
priately calibrated dial, the result isa Bourdon-
tube gage that may be used for measuring tem-
‘i perature or pressure, depending upon thedesign
i of the gage and the calibration of the scale.
: Bourdon tubes are made in several shapes
for various applications. The C-shaped Bourdon
= tube shown in figure 7-9 is perhaps the most
¢ commonly used type; spiral and helical Bourdon
C tubes are used where design requirements in-
clude the need for a longer length of Bourdon
tube.

There are two basic types of fuled-system
.. ' thermometers: those in which the Bourdon tube
- ' responds primarily to changes in the volume of

ﬁdurdon tubes are sometimes called Bourdon sg ringg.,
Bourdon elements, or simply Bourdons. Other ces
such as bellows. or dlaphragms are used in some

filles-system thermometers, ‘but théy are by no means
as common a8 the Bourdon tube for this applloatlon.

9The precise nature of Bourdon~tube movement with
pressure: and volume changes’ is-extre oomplex
‘and not completely describable in’ purely analytlcal
terms. Bourdon-tube ‘instruments are: designed -for

pirical: obsemtlona and tests. -

specific. applications_on the basis.of a serlee of em-. '

147.54
Figure 7-7.~Bimetallic thermometer
(flat spiral element).

the filling fluid and those in which the Bourdon
tube responds primarily to changes in thepres-
sure of the filling fluid. Obviously, there is
always some pressure -effect in volumetric
thermometers and some volumetric effect in

61.28X
. Figure 7-8.—Distant-reading Bourdon-tube
' ' thermometer. '
188 1
Mel iyl ¥
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SEALED END
(FREE TO MOVE)

BOURDON
TUBE

TiP
TRAVEL

STATIONARY

PRESSURE
CONNECTION

' 38.211(1478)
Figure 7-9.—C-shaped Bourdon tube,

pressure thermometers; the distinction deals
with the major response of the Bourdon tube,

Pyrometers

The term rometer is used to include a
number of temperature measuring devices
which, in general, are suitable for use at rela-
tively high temperatures; some pPyrometers,
however, are also suitable for use at low tem-
peratures, The  types of Pyrometers we are
concerned with _here {in
Pyrometers, resistance. thermometers, radia-
tion Pyrometers, and optical pyrometers,

THERMOCOUPLE PYROMETERS, — The op-
eration ofa thermocouplepyrometer (

10.. . . 5 :
Basic information on eleotricity is given in ohapter
20 of this text, '

- Pyrometers.measyr.

junction) and the reference
tions), the t

REFERENCE JUNCTIONS

METAL A (COLD JUNCTIONS)

MEASURING
JUNCTION
{HOT ey
JUNCTION)

INDICATING
INSTRUMENT
{MILLIVOLTMET ER,
POTENT IOMETER,
METAL 8 ETC.)

EXTENSION
LEADS

: 147,55
Figure 7-10.—Stmple thermocouple.

RESISTANCE
e th

nges in temperatuyre,
mometer is thus actually an
measures electrical resistan
calibrated in degrees of tempe
in units of electrical resistance,
The sensitive element in a resistance ther-
nding of smail diameter nickel,
or other metallic wire, The resistance
8 located in the lower

_ R_AD!ATIONANDOPT!CAL PYROMETERS. ~

adiation and optical pyrometers are used to
measure very high temperatures, Both types of
' ' by measuring
the_amount of energy. radiated by the hot object,
The malin difference between the two types is in
their range of’senstttvtty; radiation Pyrometers
are (theoretlcally, at least) sensitive to the
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entire spectrum of radiant energy, while optical
pyrometers are sensitive to only one wavelength
or to a very narrow band of wavelengths.

‘Figure 7-11 1llustrates schematically the
general operating principle of a simple radia-
tion pyrometer. Radiant energy from the hot
object 18 concentrated on the detecting device
by means of a lens or, in some cases, & conical
mirror or a combination of mirror and lens.
The detecting device may be a thermocouple, a
thermopile (that 18, a group of thermocouples
in series), a photocell, or some other element
in which some electrical quantity (emf, resist-
ance, etc.) varies as the temperature of the
hot object varies. The meter or indicated part
of the instrument may be a millivoltmeter or
some similar device.

An optical pyrometer measures temperature
by comparing visible light emitted by the hot
object with light from a standard source. A
common type of optical pyrometer {8 shown in
figure 7-12. This instrument consists of an
eyeplece, a telescope which contains a filament
similar to the filament of an electric light bulb
and a potentiometer.,

The person operating the optical pyrometer
~ looks through the eyeplece and focuses the
telescope on the hot object, meanwhile also
observing the tin glowing filament across the
field of the telescope. While watching the hot
object and the filament, the operator adjusts
the filament current (and consequently the
brightness of the filament) by turning a knob on
the potentiometer until the filament seems to
disappear and to merge with the hot object.
When the filament current has been adjusted
so that the filament just matches the hot object
in brightness, the operator turns another knob

ML/ )

slightly to balance the potentiometer. The poten-
tiometer measures filament current but thedial
is calibrated in degrees of temperature. As may
be noted from this description, this type of opti-
cal pyrometer requires a certainamount of skill
and judgment on the part of the operator. In
some other types of optical pyrometers, auto-
matic operation is achieved by use of photo-
electric cells arranged in a bridge network.

MEASUREMENT OF PRESSURE

Pressure, llke temperature, is one of the
basic engineering variables and one that must
frequently be measured aboard ship, Before tak-
ing up the devices used tomeasurepressure, let
us consider certain definitions thatare important
in any discussion of pressure measurement.

PRESSURE DEFINITIONS

Pressure 18 defined as force per unit area.

The simplest pressure unlis are ones that
indicate how much force is applied to an area
of a certain size. These units include pounds
per square inch, pounds per square feet, ounces
per square inch, newtonsper squaremillimeter,
and dynes per square centimeter, depending upon
the system being used,

You will also find another kind of pressure
unit, and this type appears to involve length.
These units include inches of water, inches of
mercury (Hg), and inches of some other liquid
of known density. Actually, these units do not
involve length as a fundamental dimension.
Rather, length is taken as a measure of force
or weight. For example, a reading of 1 inch of
water (1 in, HyO) means that the exerted pres-
sure is able to support a column of water 1 inch

OETECTING ELEMENT
(THERMOPILE, PHOTOCELL, ETC.)

AN
~
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/

PEEPHOLE
4

Sl
Wy
Wy
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INDICATING INSTRUMENT

(MILLIVOLTMETER, POTENTIOMETER,
ETC)
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Figure 7-11.—-Simple radiation pyrometer.

C 139 @




C ey e o

ERIC

Aruitoxt provided by Eic:

PRINCIPLES OF NAVAL ENGINEERING

102.20x

Figure 7-12.—Optical pyrometer,

high, or that a column of water in a U-tube
would be displaced 1 inch by the pressure being
measured. Similarly, a reading of 12 inches of
mercury (12 in. Hg) means' that the measured
pressure is sufficient to Support a column of
mercury 12 inches high. What is really being
expressed (even though it is not mentioned inthe
pressure unit) is the fact that a certain quantity
of material (water, mercury, etc.) of known
density will exert a certain definite force upon
a specified area. Pressure is still force per
unit area, even if the pressure unit refers to
inches of some liquid,

It is often necessary to convert from one
type of pressure unit to another. Complete con-
version tables may be found in many texts and
handbooks. Conversion factors for pounds per

8quare inch, inches of mercury, and inches of
water are:

11in. Hg=0.49 psi
1 psi = 2,036 in. Hg

1 in. HgO = 0.036 psi
1 psi =27.68 in, HoO

1 in. Hy0 = 0.074 in. Hg
1 in, Hg = 13.6 in. nzo

In interpreting pressure measurements, a
great deal of confusion arises because the zero
point on most pressure gages represents at-
mospheric pressure rather than zero absolute
pressure. Thus it is often necessary to specify
the kind of pressure being measured under any
given conditions. To clarify the numerous mean-
ings of the word pressure, the relationships
among gage pressure, atmospheric pressure,
vacuum, and absolute pressure, is illustrated
in figure 7-13.

Gage Pressure isthe pressureactually shown
on the dial of a gage that registers pressure at
or above atmospheric pressure. An ordinary
pressure gage reading of zero does not mean
that there is no pressure in the absolute sense;
rather, it means that there is no pressure in
excess of atmospheric pressure.

Atmospheric pressure is the pressure exert-
ed by the weight of the atmosphere, At sea level,
the average pressure of the atmosphere is
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o PRESSURE RELATIONSHIP N

30PSIA GAGE
PRESSURE

(PSIG)

15.3 PSIG

0PI

ABSOLUTE 4 14.7 PSIA|ATMOSPHE RIC PRESSURE
O In.Hg.

PRESSURE RAVERAGE AT SEA LEVEL)
(PSIA)

VACUUM
In.Hg.)

L0 PSi 29.92 In.H

147.181

Figure 7-13,—Relationships among gage pres-

sure, atmospheric pressure, vacuum, and
absolute pressure.

sufficient to hold a column of mercury at the
height of 76.0 millimeters or 29.92 inches of
mercury. Since a column of mercury 1inchhigh
exerts a pressure of 0.49 pound per square inch,
a column of mercury 29.92 inches high exerts a
pressure that is equal to 29.92 x 0.49, or ap-
proximately 14.7 psi. Sinceweare dealing nowin
absolute pressure, we say that the average
atmospheric pressure at sealevelis14.7 pounds
per square inch absolute. It is zero on the
ordinary pressure gage.

Notice, however, that the figure of 14.7
pounds per square inch absolute (psia) repre-
sents the average atmospheric pressure at sea
level, and does not always represent the actual

! pressure being exerted by the atmosphere at the

moment that a gage 18 being read.

Barometric pressure is the term used to
describe the actual atmospheric pressure that
exists at any given moment. Barometric pres-
sure may be measured by a simple mercury

column or by a specially designed instrument
called an aneroid barometer. :

A space in which the pressure is less than
atmospheric pressure is said to be under
vacuum. The amount of vacuum 18 expressed in
terms of the difference between the absolute

pressure in the space and the pressure of the
atmosphere. Most commonly, vacuum is ex-
pressed in inches of mercury, with the vacuum
gage scale marked from 0 to 30 inches of mer-
cury. When a vacuum gage reads zero, the pres-
sure ir the space is the same as atmospheric

presgare—or, in other  words, there is no
vacuum. A vacuum gage reading of 29.92 inches
of mercury would indicate a perfect (or nearly
perfect) vacuum. In actual practice, it is im-
pussible to obtain a perfect vacuum even under
laboratory conditions.

Absolute pressure is atmospheric pressure
2{9_3 gage pressure or minus vacuum. For exam-
ple, a gage pressure of 300 psig equals an
absolute pressure of 314.7 psia (300 +14.7).Or,
for example, consider a space in which the
measured vacuum 18 10 inches of mercury
vacuum; the absolute pressure in this space
must then be 19.92 or approximately 20 inches

-of mercury absolute. It 1s important to note that

the amount of pressure in a space under vacuum
can only be expressed in terms of absolute
pressure.

You may have noticed that sometimes we say
psig to indicate gage pressure and other times
we merely say psi. By common convention, gage
pressure is always assumed when pressure is
given in pounds per square inch, pounds per
square foot, or similar units. The ‘“‘g’’ (for
gage) is added only when there is some possi-
bility of confusion. Absolute pressure, on the
other hand, is always expressed as pounds per
square inch absolute (psia), pounds per square
foot absolute (psfa), and so forth. It is always
necessary to establish clearly just what kind of
pressure we are talking about, unless this is
very clear from the nature of the discussion.

To this point, we have considered only the
most basic and most common units of measure-
ment. It is important to remember thathundreds
of other units can be derived from these units,
and that specialized fields require specialized
units of measurement. Additional units of meas-
urement are Introduced in appropriate places
throughout the remainder of this training man-
ual, When you encounter more complicated units
of measurement, you may find it helpful to re-
view thebasicinformationgiven herepreviously.

PRESSURE MEASURING DEVICES

Most pressure measuring devices used
aboard ship utilize mechanical pressure
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elements,!l There are two major classes of
mechanical pressure elements: (1) liquid-col-
umn elements, and (2) elastic elements,

Liquid-Column Elements

Liquid-column pressure measuring elements
include the devices commonly referred to as
barometers and manometers, Liquid-column
elements are simple, reliable, and accurate,
They are used Particularly (although not exclu-
sively) for the measurement of relatively low
pressures or small pressure differentials,
Liquids commonly used in this type of pressure
gage include mercury, water, and alcohol,

One of the simplest kinds of liquid-column
elements is the fixed-cistern barometer (tig. 7=
14) which is used to measure atmosphericpres-
sure. Mercury is always used as the liquid in
this type of instrument, Atmospheric pressure
acts upon the open surface of the mercury in
the cistern, Since the tube is openat the cistern
end, and since there is a vacuum above the
mercury in the tube, the height of the mercury
In the tube is at all times an indication of the
existing atmospheric (barometric) pressure,

A simple U-tube liquid-column element for
measuring absolute pressure is shown in figure
7-15. The liquid used in this device is mercury,
There is a vacuum above the mercury at the
closed end of the tube; the open end of the tube
is exposed to the pressure to be measured, The
absolute pressure is Indicated by the difference
in the height of the two mercury columns.

Manometers are available in many different
sizes and designs. Some are installed in such
& way that the U-tube is readily recognizable,
as in part A of figure 7-16; but in some designs
the U-tube is inverted or inclined at an angle,
The so-called single-tube or straight-tube
manometer (part B of fig, 7-16) is actually a
U-tube in which only one leg 18 made of glass,

‘Elastic Elements

Elastic elements used for pressure mea-
Surement Include Bourdon tubes, bellows, and
diaphragms. All three types of elastic elements
are suitable for use In pressure gages, vacuum
gages, and compound (bothpressureandvacuum)

uStraln gages and other efd%trlcal pressure measur-

ing devices are not inoluded in this disoussion; they
are rarely used aboard ship,
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69.86(147B)
Figure 7-14,~Simple Barometer (fixed cistern)
for measuring atmospheric pressure,

gages. Bourdon-tube elements are suitable for
the measurement of very high pressures, up to
100,000 psig, The upper limit for bellows ele-
ments 18 about 800 bsig and for diaphragm ele-
ments about 400 psig, Diaphragm elements and
bellows elements are commonly used for the
measurement of very high vacuum (or very low
absolute pressure) but Beurdon tubes can be
used for such applications,

BOURDON-TUBE  ELASTIC ELEMENTS, -
Bourdon-tube elements used in pressure gages
are essentially the same as thoge described for
use in filled-system thermometers. Bourdon
tubes for pressure gages are made of brass,
phosphor bronge, stainless steel, beryllium-
copper, or other metals, depending upon the
requirements of service, :

Bourdon-tube pressure gages are often clas-
sified as simplex or duplex, depending upon
Whether they measure one pressure or two, A
simplex gage such as the one shown in figures

. 188
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Figure 7-15,—U-tube liquid-column element for
measuring absolute pressure,

o 61.4X
Figure 7-16.—Two types of manometers,
(A) Standard U-tube. (B) Single-tube.

7-17, 7-18, and 7-19 has only one Bourdon tube
and measures only one pressure. (The pointer
marked RED HAND in figure 7-17 is a manually
positioned hand that is set to the normal working
pressure of the machinery or equipment on
which the gage is installed; the hand marked
POINTER is the only hand that moves in re-
sponse to pressure changes,)

When two Bourdon tubes are mounted in a
single case, with each mechanism acting inde-
pendently but with the two pointers mounted on
a common dial, the assembly is called a duplex
gage. The dial of a duplex gage is shown in
figure 7-20, The two Bourdon tubes and the
operating mechanism are shown in figure 7-21,
and the gear mechanism is shown in figure 7-
22, Note that each Bourdon tube has its own
pressure connection and its ownpointer. Duplex
gages are used to give simultaneous indication
of the pressure at two different locations.

Bourdon-tube vacuum gages are marked off
in inches of mercury, as shown in figure 7-23,

RED HAND

POINTER

W . 38.211BX
Figure 7-17,—Dial of a simplex Bourdon-tube
pressure gage,
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SECTOR GEAR . CASE

SEALED END
ON
BOURDON TUBE CONNECTING

HAIRSPRING . LINK

CONNECTING

MOVEMENT LINK SCREWS

SUPPORT:

POINTER STAFF
FIXEO END

THREADED

A
STATIONARY OPEN END {PRESSURE CONNECTION)

38.211AX
Figure 7-18.—Operating mechanism of simplex
Bourdon-tube pressure gage.

POINTER
STAFF

PINION
GEAR

SECTOR
PIVOT ADJUSTMENT
POINT LEVER

FRAME

SECTOR

FRAME SCREW

CONNECTING
LINK TO
BOURDON
SECTOR TUBE TIP
HAIRSPRING GEAR
38.211C

Figure 7-19,—Gear mechanism of simplex
Bourdon-tube pressure gage

When a gage is designed to measure both vacu-
um and pressure, it is called a compound gage
and is marked off both in inches of mercury
and in psig, as shown in figure 7-24.

- 140

: 38.211FX
Figure 7-20.-Dial of a duplex Bourdon-tube
pressure gage.

POINTER NO.2

POINTER NO. |

BOURDON
TUBE NO. 2

BOURDON
TUBE NO. |

THREADED THREADED
PRESSURE PRESSURE
CONNECTION NoO. | . CONNECTIONNO.2

38.211G

Figure 7-21.—~Two Bourdon tubes and operating

mechanism of duplex Bourdon-tube pressure
gage,
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38.211CA
Figure 7-22.—Gear mechanism of duplex
Bourdon-tube pressure gage.

Figure 7-23.-Bodrdon-tube vacuum gage.

-
Differential pressure may also be measured
with Bourdon-tube gages. One kind of Bourdon-
tube differential pressure gage is8 shown in
figure 7-25., This gage has two Bourdon tubes

‘o

38.211EX
Figure 7-24.—Compound Bourdon-tube gage.

but only one pointer. The Bourdon tubes are
connected in such a way that it is the pressure
difference, rather than either of the two actual
pressures, that is indicated by the pointer.

BELLOWS ELASTIC ELEMENTS.—~A bel-
lows elastic element is a convoluted unit that
expands and contracts axially with changes in
pressure. The pressure to be measured can be
applied to the outside or to the inside of the
bellows; in practice, most bellows-type measur-
ing devices have the pressure applied to the
outside of the bellows, as shown in figure 7-26.
Bellows elastic elements are made of brass,
phosphor bronze, stainless steel, beryllium-
copper, or other metal suitable for the intended
service of the gage.

Most bellows-type gagesare spring-loaded—
that is, a spring opposes the bellows and thus
prevents full expansion of the bellows, Limiting
the expansion of the bellows in this way pro-
tects the bellows and prolongs its life. In a
spring-loaded bellows-type element, the deflec-
tion is the resultant of the force acting on the
bellows and the opposing force of the spring.
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POINTER b !kl::ggﬂ
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oL g X2

38.211KX
Figure 7-25, —Bourdon-tube differential
pressure gage,

Although some bellows-type instruments can
be designed for measuring pressures up to 800
psig, their primary appllcatlop aboard ship is
in the measurement of quite low pressures or
Small pressure differentials, For example,
bellows elements are widely used in bofler

SCALE
HAIRSPRING SECTOR
-} jo
CONNECTING
PINION
o " LINK
—
=
== | __sPRiNG
=]
—
— |_—BELLOWS:
=]
=
-
casE
PRESSURE
CONNECTION

61.3(147B)A
Figure 7-26,—Simple bellows gage.

control systems12 because the air pressures of .

the control systems are generally very low.

Many differential pressure gages are of the
bellows type. In some designs, one pressure is
applied to the inside of the bellows andthe other
pressure is applied to the outside. In other
designs, a differential pressure reading is ob-
tained by opposing two bellows in a single case,

Bellows elements are used in various appli-
cations where the pressure-sensitive device
must be powerful enough to operate not only the
indicating pointer but also some type of record-
ing device.

DIAPHRAGM ELASTIC ELEMENTS, ~Dia-
phragm elastic elements are used for the
measurexjont of relatively low pressures or

—_—
12B511er control systems are discussed in chapter 11
of this text, ’
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small pressure differences. Both metallic and
nonmetallic diaphragms are in common use.
Metallic diaphragms are made from stain-
less steel, phosphor bronze, brass, or other
metal. A metallic diaphragm element may cone-
sist of one or more capsules. Each capsule
consists of two diaphragm shells (flat or corru-
gated circular disks) which are welded, brazed,
or otherwise firmly fastened together to form
the capsule. The capsules are all rigidly con-
nected so that the application of pressure causes
all capsules to deflect. The amount of deflec-
tion of a diaphragm gage depends upon the
number of capsules, the design and the number
of the corrugations, and other factors.
Nonmetallic diaphragms, also called slack
or limp diaphragms, are made of leather,
treated cloth, neoprene, or some other soft
material. Nonmetallic diaphragms are spring-
loaded. One common type of nonmetallic dia-
phragm pressure gage is shown in figure 7-217.
When pressure is applied to the underside of
the slack diaphragm, the diaphragm moves up=-
ward, although it is opposed by the action of the
calibrating spring. As the spring moves, the
linkage system causes the pointer to move to a
higher reading. Thus the reading on the scale
is proportional to the amount of pressure ex-
erted on the diaphragm, even though the move-
ment of the diaphragm is opposed by the cali-
brating spring.

PRESSURE GAGE INSTALLATION

Bourdon tube pressure gages used for steam
service are always installed in such a way that
the steam cannot actually enter the gage. This
type of installation is necessary to protect the
Bourdon type from very high temperatures. An
exposed uninsulated coil is provided in.the line
leading to the gage, and the steam condenses
intc water in this exposed coil. Thus there
is aiwxys a condensate seal between the gage
and the steam line. ,

Pressure gage. connections are normally
made to .the top of the pressure line or to the
highest point on the machinery in which the
pressure is to be measured. Pressure gages
are usually mounted on flat-surfaced gage
boards in such.a way as to minimize yirbration;
this ‘is  a . matter of considerable {fhportance,
since some ships experience very great struc-
tural vibration from screws. and machinery.
Efforts are currently Yeing madetodesign gages

capable of withstancipg any vibration that may

SCALE

HAIRSPRING GAGE
MOVEMENT-SECTOR

PINION

CONNECTING
GEAR / LINK

NEOPRENE
DIAPHRAGM

L— PRESSURE

CONNECTION

38.212(147B)
Figure 7-27,—Nonmetallic diaphragm
pressure gage.

be expected from machinery., Pressure gages
designed to withstand shock and vibration fre=-
quently use small size capillary tubing between
the connections and the elastic elements to
protect the gage mechanism and the pointer;
small size_ tubing is used between the test con-
nection or gage valve and the gage sothat piping
deflections will not cause errors in the gage
readings.

MEASUREMENT OF FLUID FLOW
A great many-devices, many of them quite

ingenious, have been developed for the measure-
ment of fluid flgw. The discussion here is con-

‘cerned. primarily with the types of fluid flow

measuring devices that find relatively wide
application in shipboard engln_eerlng. These
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devices may be classified as (1) positive-dis-

placement meters, (2) head meters, and(3) area
meters,

POSITIVE-DISPLACEMENT METERS

Positive-displacement meters are used for
measuring liquid flow. In a meter of this type,
each cycle or complete revolution of a measur-
ing element displaces a definite, fixed volume
of liquid. Measuring elements used in positive-
displacement meters include disks, pistons,
lobes, vanes, and impellers. The motionof these
devices may be classified as reciprocating,
rotating, oscillating, or nutating, depending upon
the type of measuring element used and the
general design of the meter read-out or regis-
ter,

A positive-displacement meter of the nutat-
ing-piston type is shown in figure 7-28, The
flow of oil through the meter causes the piston
(also called a disk) to move with a nutating
motion. Understanding the nature of this motion
is the key to understanding the operation of the
meter. A nutating motion (fig. 7-29) might be
described as a ‘‘rocking around’’ motion; it is
similar to the motion of a Spun coin just before
the coin settles flat on its side. The piston in
the meter cannot settle flat on its side like a
Spun coin, since the piston is nutating (or rock.

ing around) on a lower spherical bearing sur-
face,

38.64X

Figure 7-28. —Nutating-piston meterfor
measuring liquid flow,

38.66X
Figure 7-29, —Diagram showing nutating motion

of piston and rotary motion of pin in nutating-
piston meter,

The piston cannot rota‘e because it is held
in place by a fixed vane or guide that runs
vertically through a slot in the piston. However,
the nutating motion of the piston imparts a
rotary motion to the pin that projects from the
upper spherical surface, The rotary movement
of the pin rotates the gears, and the movement
of the gears actuates a countingdevice or regis-
ter at the top of the meter.

Although the action of the nutating piston
is smooth and continuous, there is neverthe-
less a definite cycle involved in the measure-
ment of liquid flow through this meter. The
nutating action of the piston sealsthe measuring
chamber off into separate compartments, and
these compartments are alternately filled and
emptied. The meter is properly classed as a
positive-displacement meter, since each com-
partment holds a definite volume of the liquid.

Totalizing meters have a read-out in gallons
or pounds of liquid; however, they may also
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indicate rate of flow in gallons per minute (gpm)
or in other flow units.

HEAD METERS

Head meters measure fluid flow by measur-
ing the pressure differential across a specially
designed restriction in the flow line. The re-
striction may be an orifice plate, a flow nozzle,
a venturi tube, an elbow, a pitot tube, or some
similar device. As the fluid flows toward the
restriction, the velocity decreases and the pres-
sure (or “head’”) increases; as the fluid flows
through the restriction, the velocity increases
and the pressure decreases. Figure 7-30 illus-
trates the pressure changes that occur as afluid
flows through a line' that contains an orifice
plate or similar restriction. Note that there is
a slight increase in pressure just ahead of the
restriction and then a sudden drop in pressure
at the restriction. The point of minimum pres-

~ sure and maximum velocity is slightly down-

stream from the restriction; this point is called
the vena contracta. Beyond the vena contracta,
the velocity decreases and the pressure in-
creases until eventually normal flow is re-
established. . ) .

The flow nozzle, orifice plate, or other
restriction in the line is called the pri
element of the head meter. A high pressure tap
upstream from the restriction and a low pres-

' sure tap downstream from it are connected to

a differential bellows, a diaphragm, or some

other device for measuring differential pres-
sure. :

The pressure drop occurring in a fluidflow-
ing through a restriction varies as the square of
the fluid velocity; or, to put it another way, the
square root of the pressure differential is pro-
portional to the rate of fluid flow, Because of the
square-root relationship between the pressure
differential and the rate of fluid flow, a square-
root extracting device is usually included sothat
the scale can be graduated in even steps or in-
crements, Without a device for extracting the
square root of the pressure differential, the
scale would have to- be unevenly divided, with
wider divisions at the top of the scale than at
the bottom.

AREA METERS

An area meter indicates the rate of fluid
flow by means of an orifice that is varied in
area by variations in the fluid flow. The vari-
ations in the area of the orifice are produced
by some type of movable device which is posi-
tioned by the pressure of the flowing fluid, Since
the fluid itself positions the movable device and
thus varies the area of the orifice, there is no
significant pressure drop between the upstream
side and the downstream side of the variable
orifice. Since there is an essentially linear
rotAtlionship between the area of the orifice and
tie rate of flow, there is no need for a square-
coot. extracting device in an area meter.

VENA CONTRACTA

E

* ORIFICE PLATE ~

DIRECTION OF FLOW =

: thﬁx;e 7-30,~Pressure changes in fluid flowing through restriction in line,
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Most area meters are classified as (1) ro-
tameters, or (2) piston-type meters, depending
upon the type of device used to vary the area of
the orifice,

Figure 7-31 shows a simple rotameter of a
type used in some shipboard distilling plants.
A tapered glass tube is -installed vertically,
with the smaller end at the bottom. Water flows
in at the bottom, upward through the tube, and
out at the top. A rod, supported by the end fit-
tings of the tube, is centered in the tube. A
movable rotor rides freely on the rod and is
positioned by the fluid, Variations in the pres-
sure of the fluid lead to variations in the posi-
tion of the rotor; and, since the glass tube is
tapered, the size of the annular orifice between
the rotor and the tube is different at each posi-
tion of the rotor. An increase in flow is thus

=
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Figure 7-31.—Area meter (rotameter type) for

measuring fluid fiow,

indicated by the rotor rising on the rod, The
glass tube is so calibrated that the flow may be
read directly, with the reading being taken at
the top of the rotor,

In a piston-type area meter, a piston is
lifted by fluid pressure. As the piston is lifted,
it uncovers a port through which the fluidflows,
The port area uncovered by the lifting of the
piston is directly proportional to the rate of
fluid flow. Therefore, the position of the piston
provides a direct indication of the rate of flow.
The means by which the position of the piston is
transmitted to an indicating dial varies accord-
ing to the design of the particular meter and
the service for which it is intended.

MEASUREMENT OF LIQUID LEVEL

In the engineering plant aboard ship, it is
frequently necessary for operating personnel to
know the level of various liquids in various
locations. The level of the water in the ship’s
bollers is a prime example of a liquidlevel that
must be known at all times, but there are other
liquid levels that are also important—the level
of fuel oil in serviceand stowage tanks, the level
of water in deaerating feed tanks, the level of
lubricating oil in the oil sumps of main and
auxiliary machinery, and drains in variousdrain
tanks, to name but a few.

A wide variety of devices, some of them
simple and some complex, are available for
measuring liquid level. Some measure liquid
level quite directly by measuring the height of a
column of liquid. Others measure pressure,
volume, or some other property of the liquid
from which we may then infer liquid level. .

The gage glass is one of the simplest kinds
of liquid level measuring devices and one that is
very commonly used, Gage glasses are used on
boilers, on deaerating feed tanks, on inspection
tanks, and on other shipboard machinery, Ba-
sically, a gage glass is just one legof a U-tube,
with the other leg being the tank, drum, or other
vessel in which the liquid level is to be meas-
ured. The liquid level in the gage glass is thus
the same as the liquid level inthetank or drum,
and the reading can be made by direct visual
observation, Gage glasses vary in details of
construction, depending upon the pressure, tem-
perature, and other service conditions they must
withstand,

The measurement of 1liquid level in tanks
aboard ship may be accomplished by simple
devices such as direct-reading sounding rufes
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and gaging tapes or by some form of permanently
installed, remote reading gaging system. (Al-
though remote reading gaging systems are often
referred to as ‘‘tank level indicators,’’ it should
be noted that the scale may be calibrated to
show level, volume, or weight; frequently there
are two scales—one to show volume and one to
show level.) -

A static head gaging system of a type com-
monly used for measuring liquid level in fuel
oil tanks aboard ship is shown in figure 7-32.

This system balances a head of liquid in the .

tank against a column of liquid in a manometer
or against a bellows or diaphragm differential
pressure unit; the system illustrated uses a
mercury manometer. The balance chamber is
located 8o that its orifice is near the bottom
of the tank; a line connects the top of the bal-
ance chamber to the mercury-filled bulb of the
indicator gage, and another line connects the
space above the mercury column to the top of
the tank, Since the height of the liquid in the
tank bears a definite relationship to the pres-
sure exerted by the liquid, the scale can be
calibrated to show height (or liquid level). When
the size of the tank is known, the measurement of
height can readily be converted to measurement

Ju (02 A
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61.5X
Figure 7-32.—Tank gaging system. -

of volume; and, when the volume of the tank and
the specific weight of the liquid are known, the
scale can be calibrated to indicate weight. The
reading on this type of tank gaging system is
always taken after compressed air has been
admitted to the balance chamber through the
control valve; to ensure proper readings, a
sufficient amount of compressed air must be
admitted to force the liquid down to the level of
the bottom of the standpipe.

MEASUREMENT OF ROTATIONAL
SPEED

The rotational speed of propeller shafts,
turbines, generators, blowers, pumps, and other
kinds of shipboard machinery is measured by
means of tachometers. For most shipboard
machinery, rotational speed is expressed in
revolutions per minute (rpm). The tachometers
most commonly used aboard ship are of the
centrifugal type, the chronometric type, and the
resonance type. Stroboscopic tachometers are
also used occasionally. '

Some types of machinery are equipped with
permanently mounted tachometers, but portable
tachometers are used for checking the rpm of
many units. A portable tachometer of the cen-
trifugal type or of the chronometric type is
applied manually to a depression or a projec-
tion at the center of a moving shaft. Each port-
able tachometer is supplied with several hard
rubber tips; to use the instrument, the operator
selects a tip of the proper shape, fits it over the
end of the tachometer drive shaft, and holds the
tip against the center of the moving shaft. Some
tachometers are also supplied with a small
wheel which can be fitted to the end of the drive
shaft and used to measure the linear velocity
(in feet per second) of a wheel or a journal; with
this type of instrument, the wheel is held against
the outer surface of the moving object. Portable
tachometers are used only for intermittent read-
ing, not for continuous operation. '

CENTRIFUGAL TACHOMETERS

. As the name implies, a centrifugal tachom-
eter utilizes centrifugal force for its operation,
The main parts of a centrifugal tachometer are
shown in figure 7-33 and the dial of the instru-
ment i8 shown in figure 7-34, Centrifugal force
acts upon weights or fiyballs which are connected
by linkage to an upper and a lower collar. The
upper collar is fixed to the drive shaft, but the
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Figure 7-33,—Main parts of centrifugal
tachometer,

lower collar is free to move up and down the
shaft. A spring which fits over the drive ghaft
connects the upper collar and the lower collar,

As the drive shaft begins to rotate, the flyballs -

8pin around with it, Centrifugal force tends to
pull the flyballs away from the center, thus
raising the lower collar and compressing the
Spring. The lower collar is connected to the
pointer, and the upward movement of the collar
causes the pointer tomovetoa higher rpm read-
ing onthe dial, The centrifugal tachometer regis-
ters rpm of a rotating shaft as long as it is in
contact with the shaft, For this reason itis called
a constant- reading tachometer.

CHRONOMETRIC TACHOMETERS

A chronometric tachometer (fig. 7-35) is a
combination of a watch and a revolution counter
- which measures the average number of revolu-
tions per mim+e of a rotating shaft. The device
is not a constant-reading instrument; the outer
drive shaft runs free when the instrument is
applied to a rotating shaft until a starting button
is depressed to start the timing element. After
the drive shaft has been disengaged from the
rotating shaft, the pointer remains inposition on
the dial until it is returned to the zero position
by the operation of a reset button (whichmay be
the same as the starting button,)

RESONANCE TACHOMETERS

A resonance tachomeéter (fig. 7-36) consists
of a number of steel reeds, each one of which

2.66X

Figure 7-34.—Dial of centrifugal tachometer,
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Figure 7-35,~Chronometric tachometer.
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61.16X
Figure 7-36.—Resonance tachometer mounted
on rotating machine.

vibrates at a different frequency. The reedsare
fastened in a row, in order of frequency; the row
is mounted with the reeds at right angles to the
back of the instrument. The unattached ends of
the reeds extend through a horizontal slit in the
face of the instrument; the scale is stamped
along the slit. When the instrument is solidly
attached to the foundation or casing of a rotating
machine, the reeds which are nearest in fre-
quency to the rpm of the machine begin to
vibrate. In figure 7-36, notice that five reeds
are out of line with the rest of the reeds; these
five are vibrating noticeably more than the
others, and the one in the middle is vibrating
more than the other four. To read the rpm of
the machine, then, it is only necessary to read
the scale marking underneath the reed that is
vibrating the most--that is, the one which is
most out of line with the othersinthe horizontal
slit.

Resonance tachometers are particularly use-
ful for measuring high rotational speeds suchas
those that occur in turbines, generators, and
forced draft blowers. They arealso particularly
useful in applications where it is difficult or
impossible to get at the moving ends of shafts,

The instruments give continuous readings and
make very rapid—almost instantaneous—adjust-
ments to changes in rotational speed.

STROBOSCOPIC TACHOMETERS

A stroboscopic tachometer i8 a device which
allows rotating, reciprocating, or vibrating ma-
chinery to be viewed intermittently, under flash-
ing light, in such a way that the movement of
the machinery appears to be slowed, stopped,
or reversed. Because the illumination is inter-
mittent, rather than steady, the eye receives a
series of views rather than one continuous view.

When the speed of the flashing light coin-
cides with the speed of the moving machinery,
the machinery appears to be motionless. This
effect occurs because the moving object is seen
each time at the same point in its cycle of move-
ment. If the flashing rate is decreased slightly,
the machinery appears to be moving slowly in
the true direction of movement; if the flashing
rate is increased slightly, the machinery ap-
pears to be moving slowly in the reversedirec-
tion. To measure the speed of a machine,
therefore, it is only necessary to find the rate
of intermittent illumination at which the ma-
chinery appears to be motionless. To observe
the operating machinery in slow motion, it is
necessary to adjust the stroboscope until the
machinery appears to be moving at the desired
speed.

The stroboscopic tachometer furnished for
shipboard use is a small, portable instrument.
It is calibrated so that the speed can be read
directly from the control dial. The flashing rate
is determined by a self-contained electronic
pulse generator which can be adjusted, by means
of the direct-reading dial, to any value between

- 600 and 14,400 rpm. The relationship between

rotational speed and flashing rate may be illus-
trated by an example. If an electric fan is oper-

ating at a rate of 1800 rpm, it will appear to be _

motionless when it is viewed through a stro-
boscopic tachometer which is flashing at the
rate of 1800 times per minute. ,

Because the stroboscopic tachometer is
never used in direct contact with moving ma-
chinery, it is particularly useful for measuring
the speed or observing the operation of machin-
ery which is run by a relatively small power
input. It is also very useful for measuring the
speed of machinery which is installed in rela-
tively inaccessible places.
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MEASUREMENT OF SPECIFICGRAVITY

The specific gravity of a substance is defined
as the ratio of the density of the substance to
the density of a standard substance. The stand-
ard of density for liquids and solids is pure
water; for gases, the standard is air. Each
standard (water or air) is considered to have a
specific gravity of 1.00 under standafsd condi-
tions of pressure and temperature.'® For a
solid or a liquid substance, then, we may say
that

density of substance
Sp. gr. of salid or liquid= density of water

Density is sometimes defined as the mass
per unit volume of a substance and sometimes
as weight per unit volume. In engineering,
fortunately, this difference in defintions rarely
causes confusion because we are usually inter-
ested in relative densities—or, in other words,
in specific gravity. Since specific gravity is the
ratio of two densities, it really does not matter
whether we use mass densities or weight den-
sities; the units cancel out and give us a pure
number which is independent of the system of
units used. :

Aboard ship, it is sometimes necessary to
measure the specific gravity of various liquids.
This is usually done by using a device called a
hydrometer. A hydrometer measures 8pecific
gravity by comparing the buoyancy (or loss of
weight) of an object in water with the buoyancy
of the same object in the liquid being measured.
Since thé buoyancy of an object is directly re-
lated to the density of the liquid, then

_ buoyant force of liquid
Sp. gr. of liquid= buoyant force of water

A hydrometer is merely a calibrated rod
which is weighted at one end so that it floats in
a vertical position in the liquid being measured.
Hydrometers are calibrated in such a way that
the specific gravity of the liquid may be read
directly from the scale; in other words, the
comparison between_the density of the liquid
being measured and the density of water is

el

13For most engineering purposes, the standard pres-

sure and temperature conditions for water as a
at:indngd of speoific gravity are atmosphericpressure
and 60 F,

‘‘built in’’ by the calibration of the hydrom-
eter.

For fuel oil and other petroleum products,
it is customary to measure degrees API, rather
than specific gravity, in accordance withascale
developed by the American Petroleum Institute.
The relationship between specific gravity and
API gravity is given by the formula

141.5
Sp. grs 131.5+ degrees API

A hydrometer of the type normally used
aboard ship to measure the degrees API of fuel
oll is shown in figure 7-37. The major differ-
ence between this hydrometer and others used
aboard ship s that this one is calibratedto read
degrees API rather than specific gravity.

MEASUREMENT OF VISCOSITY

The viscosity of a liquid is a measure of its
resistance to flow. A liquid is said to have high
viscosity if it flows sluggishly, like cold mo-
lasses. It is said to have low viscosity if it
flows freely, like water. The viscosity of most
liquids is greatly affected by temperature; in
general, liquids are less viscous at highertem-
peratures,

4.135
Figure 7-37,—Hydrometer,
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Aboard ship, it is necessary to measure the
. viscosity of fuel oil and of lubricating oil. The
. viscosity of an oil is usually expressed as the
i number of seconds required for a given amount
- of ofl to flow through an oritice of a specified
. size when the ol is at a specified temperature.
+ Devices used to measure the rate of flow (and
. hence the viscosity) are called viscosimeters
or viscometers.
: The viscosimeter furnished for shipboard
- use is a Saybolt viscosimeter with two orifices.
The larger orifice is called the Saybolt Furol
orifice; the smaller one is called the Saybolt
- Universal orifice. The Furol orifice is used for
" measuring the viscosity of relatively heavy
. oils; the Universal orifice is used for measuring
, the viscosity of relatively light oils.

A Saybolt viscosimeter consists of an oil
tube, a cunstant-temperature oil bath which
maintains the correct temperature of the sample
in the tube, a 60-cc (cubic centimeter) graduated
receiving flask, thermometers for measuring
the temperature of the ofl sample and of the
ofl bath, and a timing device. A Saybolt vis-
cosimeter i8 shown in figure 7-38; figure 7-39

| shows details of the viscosimeter ofl tube.

The ofl to be tested is strained and poured

into the oll tube, The tube i8 surrounded by the

constant-temperature oil bath. When the oil

sample is at the correct temperature, the cork

is pulled from the lower end of the tube and the

sample flows through the orifice and into the

graduated receiving flask. The time (in seconds)
. required for the oil to fill the receiving flask
to the 60~-cc mark is noted,

The viscosity of the oil is expressed by
indicating three things: first, the number of
seconds required for 60 cubic centimeters of
ofl to flow into the receiving flask; second, the
type of orifice used; and third, the temperature
of the oil sample at the time the viscosity
determination is made. For example, suppose
that a sample of Navy Special fuel ofl is heated
4to 122°F. and that 132 seconds are required for
180 cc of the sample to flow through a Saybolt
Universal orifice and into the receiving flask,
The viscosity of this oil is said to be 132 sec-
| onds Saybolt Universal at 122° F. This is usually
‘jexpressed in shorter form as 132 SSU at 122°F,

Saybolt Furol viscosities are obtained at
122°F. The same temperature (122°F) is used
for obtaining Saybolt Universal viscosities of
1fuel oil, but various other temperatures are
‘jused for obtaining Saybolt Universal viscosities
of oils other than fuel oil. Thus it is important

-1
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that the temperature be included in the state-
ment of viscosity.

OTHER TYPES OF MEASUREMENT

Thus far in this chapter, we have been
largely concerned with basic principles of
measurement and with widely used kinds of
measuring devices. We have taken up many of
the devices used to measure the fundamental
variables of temperature, pressure, fluid flow,
liquid level, and rotational speed, and we have
considered the measurement of the properties
of specific gravity and viscosity. For the most
part, we have dealt with measuring devices that
might be considered as basically mechanical in
nature.

Before concluding this chapter, it might be
well to point out that many other kinds of meas-
urement are required inthe shipboard engineer-
ing plant. While it is true that many of the prin-
ciples of measurement discussed inthis chapter
apply to measuring devices other than those
described here, it is also true that a specific
application may require a measuringdevice that
is not precisely the same as any device we have
considered. Where appropriate, other types of
measuring devices are discussed in other chap-
ters of this text, as they relate to some particular
kind of machinery or equipment. In some in-
stances, the student may find it helpful to come
back to the present chapter to renew his under-
standing of the basic principles of measurement
we have considered here.

NAVY CALIBRATION PROGRAM
The calibration of all measuring devices

begins with and is dependent upon the basic’

international and national standards of measure-
ment just discussed. Obviously, however, we
can’t rush off tothe National Bureauof Standards
every time we need tomeasure alength, a mass,
a weight, or an interval of time. Therefore, the
National Bureau of Standards prepares and cali-
brates a great many practical standards that
can be used by government and industry. Gov-
ernment and industry, in turn, prepare and
calibrate their own practical standards. Thus
there i8 a continuous linkage of measurement
standards that begins with the international
standards, comés down through the national
standg,rdl, and works all the way on down to
the ftulers, weights, clocks, gages, and other
devices that we use for everyday measurement.
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38.213
Figure 7-38.—Saybolt viscosimeter.,

As may be seen (fig. 7-40) in the structure maintained by the Navy Type I Standards Lab-
of this program (Navy Calibration Program), oratories.
the National Bureau of Standards is the highest The Navy Type I Standards Laboratories
level standards agency in the United States and maintain the highest standards within the Navy
that it has custody of this Nation’s basic physi- Calibration Program. The Type 1 Standards
cal standards. The National Bureau of Standards Laboratories obtain calibration Services from
provides the common reference for all measure- - the National Bureau of Standards and provide
ments and certifies the Navy Standards that are calibration of standards and associated
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Figure 7-39.-Details of viscosimeter tube.

measuring equipment received from Type II
Standards Laboratories. There are only two
Type I Standards Laboratories: the Eastern SL,
in Washington D.C., and the Western SL, in San
Diego, California.

Navy Standards Laboratories designated as
Type II furnish the second highest 1evel of cali-
"bration services to assigned geographical areas
within the Naval Establishment. The Type I
Standards Laboratories obtain standards cali-
bration services from the cognizant Type I
Standard Laboratory and calibrate standards
and associated measuring equipment received
from lower level laboratoiies. There are half
a dozen Type Il Navy Standards Laboratories,
located in various shore activities throughout
the United States. '

Navy Calibration Laboratories furnish the
third highest level of calibration sérvices inthe
Navy Calibration Program. The Navy Calibra-
tion Laboratories obtain calibration services
" from the Type I Standards Laboratories and
they calibrate test equipment received from
ships and from shore activities. There are two

183

!
basic types of Navy Calibration Laboratories.
Fleet Calibration Laboratories, which are lo-
cated on repair ships and tenders (MIRCS) re-
ceive and calibrate fleet equipment only. Shore
Calibration Laboratories, which are located in
various shore activities of the Navy, receive and
calibrate shore equipment and also handle the
overflow from Fleet Calibration Laboratories.

As indicated in figure 7-40 equipment to be
calibrated may go directly to a Navy Calibration
Laboratory or it may go to a shop or repair
facility for ‘‘qualification.” Qualification is not
the same as calibration, and the two terms
should be clearly distinguished.

Caljbration is the process by which Calibra-
tion Laboratories and Standards Laboratories
compare a standard or a measuring instrument
with a standard of higher accuracy in order to
ensure that the item being compared is accurate
within specified limits throughout its entire
range. The calibration process involves the use
of approved instrument calibration procedures;
it may also include any adjustments or incidental
repairs necessary to bring the standard or in-
strument being calibrated within specified
limits. Calibration of standards is considered
mandatory.

Qualification is the process by which an
activity other than officially designated Stand-
ards Laboratories or Calibration Laboratories
compares a test or measuring instrument with
one of higher accuracy in order to determine
the need for calibration. Qualification may be

- performed by ships or stations that have been

furnished with approved measurement standards
and procedures. However, the instruments used
to qualify the test or measuring equipment
should be calibrated periodically by a Navy
Standards Laboratory or a Navy Calibration
Laboratory in order for the qualification to be
valld’

Several additional terms used in connection
with the Navy Calibration Program are defined
in the following paragraphs. It is important to
understand the precise meaning of these terms
and to use them correctly.

Calibration Procedure i8 the term used for
a document that outiines the steps and opera-
tions to be followed by standards and calibration
laboratory personnel in the performance of
instrument calibration.

Calibration cycle is the length of time be-
tween caltbration services during which each
test equipment is expected t0 maintain reliable
measurement capability. The Metrology
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NATIONAL BUREAU OF STANDARDS

— %

NAVY STANDARDS L

EASTERN SL,WASHINGTON 0.C,
WESTERN SL, SAN OIEGO, CALIF,

ABORATORIES—TYPE 1

NAVY STANDARDS LABORATORIES ~—TYPEIL
(SHORE BASED)

i

1

[

SHOP OR REPAIR FACILITY
(FOR QUALIFICATION)

i

SHORE EQUIPMENT TO BE
CALIBRATED (INCLUDING |
SHIPS IN YARDS)

Figure 7-40,—Navy Calibration Program Structure,

Requirements List (NAVAIR 17-35MTL-1 NAV-
SHIPS) is available and used to tind the following
information relating to a particular instrument:

(1) Instrument Calibration Recall Intervals
(2) Applicable Procedure Numbers
- (8) Related Technical Numbers

(Note: The Metrology Requirements List is.

where you can find calibration cycles,)

Cross-checks involve the comparison of two
or more instruments of equal or near equal ac-
curacy for the sole purpose of determining ifthe
values of any of the instruments have shifted
significantly. The cross-check isiused as an
interim measure until a standard or instrument
of sufficiently high accuracy can be used to
calibrate or qualify an instrument, =

'NAVY SHORE CALIBRATION FCF OVERFLOW FLEET CALIBRATION LABORATORIE S _
LABORATORIES ' (FCL)—REPAIR SHIPS 8 TENDERS 4

7

[

SHOP OR REPAIR FACILITY
(FOR QUALIFIZATION )

i

FLEET EQUIPMENT Y0
- BE CALIBRATED

170.49

Incidental repair is the termused todescribe
those repairs found necessary during the cali-
bration of an operable equipment to bring it
within ite specified tolerances, Incidental repair
includes the replacement of parts which have
changed value sufficiently to prevent calibration
but not enough to render the equipment inopera-
tive, Incidental repair is normally performed
in the laboratories in conjunction with the cali-
bration of test equipment or standards,

Laboratory standard is the term used to
identify a laboratory- device that is used to
maintain the continuity of values in units of
measurement by periodic comparison with

of Navy laboratories or with standards
. maintained by the Nattonal Bureau of Standards,
A laboratory standard is used to calibrate a
standard of lesser accuracy.
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An acceptance for limited use indicates that
an instrument which has failed certain tests or
which has not been tested against all acceptance
criteria is nevertheless suitable for certain
specified (limited) usage. In such a situation,
a limited use label (rather than a CALIBRATED
or QUALIFIED label) is placed on the instru-
ment to draw attention to the conditional ac-
ceptance. In addition to the label, a limited use
tag is attached to the instrument. This tag is
filled in by the servicing activity; it includes
a full description of the reservations or pre-
cautions which should be observed in using the
instrument. The label and the tag indicatingthat
the instrument is suitable only for limited use
must remain on the instrument until the next
c¢alibration or qualification.

The term rejected is used when an instrument
fails to meet the acceptance criteria during
calibration or qualification and when it cannot
be made to meet these criteria by incidental
repair. Under these conditions, a REJECTED
label is placed on the instrument and all other

servicing labels are removed. In addition to the .

label, a REJECTED tag is attached to the in-
strument. The tag, which is filled in by the
servicing activity, gives the reason for rejec-
tion and such other information as may be re-
quired.

Repair is defined as " the repair and/or
; replacement of malfunctioning parts of a meas-
- uring instrument or standard to the degree
required to restore the instrument or standard
to an operating condition.

Traceability is when the accuracy of a meas-
urement made by the fleet can be directly trace-
able through the echelons of calibration to

Reference Standards maintained by the National -

Bureau of Standards (unbroken chainof properly
conducted calibrations.)

INSTRUMENT ACCURACY

As we have seen, all measurement is subject
to a certain amount of error. The international
and national standards have some error, even
though it is almost unbelievably small, The
error in secondary standards, while still ex-
tremely small, is somewhat greater than the
error in the primary standards. When we get
down to the actual measuring devices used even
for precision measurement, the error is larger
still,

Although it may sound backwards the accu-

racy of an instrument 18 expressed bygtvlngthe .

amount of error of the instrument. For example,

an instrument with an accuracy of 1 percent is
said to have an error oft1 percent.

The error of an instrument is the difference
between the reading shown on the instrument and
the true value of the variable being measured.
Error may be expressed in scale units, in per-
cent of scale span, in r;ercent of range, or in
percent of indicated viiue (iv). By agreement
among instrument manufacturers, error in in-
struments with uniform scales is most com-
monly expressed as a percentage of the full
scale length, regardless of where the measure-
ment i8 made on the scale. The exception to
this general rule is that the measurement isnot
made at the extreme top or the extreme bottom
of the scale, since an instrument is almost sure
to be less accurate in these areas than in the
working range of the scale.

Using the full scale length as a basis for
determining instrument error can lead to some
confusion. For example, consider several pres-
sure gages, each one of whi¢h has a guaranteed
accuracy of 1 percent. If the scale reads 0 fo 30
psi, the allowable error is + 0,3 psi. If the scale
reads O to 100 psi, theallowableerror is+1 psi.
If the scale reads 0 to 500 psi, the allowable
error is+5 psi. If the scale reads 0 to 1000,
the allowable error is+10 psi.

As far as accuracy ratios are concerned,
there are recommended low and high accuracy
ratios that should exist between the test and
measuring equipment, and the measuring system
or Standard, also between echelons of Standards.

The lower limit ratio should be at least 4 to
1; a ratio below this limit is impracticable for
technical reasons. The upper limit ratio should
not be more than 10 to 1; if the ratio is higher,
equipment costs will become excessive.

Calibration error is taken care of by line-
arity and range errors. Linearity error is when
the lowest and the highest indications are cor-
rect, and there is an error in between these
indications. Range error occurs whenthe lowest
indication is on and the highest indication is off,
above or below the true value.

If an instrument does not give the same read-
ing when it comes from the top of the scale down
to the point of measurement as it does when it
goes from the bottom of the scaleup to the point
of measurement, the error is called hysteresis.
Hysteresis occurs from a variety of factorsthat
cause loss of energy within the instrument; it
might occur because of friction or binding of
parts, fatigue of a spring, excessive play in
gears, or other mechanical difficulties,
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Because there will always be some error of
measurement, and because the error may actu-
ally be considerably greater than that indicated
by the percentage of guaranteed accuracy, the
calibration of any measuring device requires
the highest possible precision,

Instrument sensitivity is sometimes confused
with instrument accuracy. This isabig mistake,
The sensitivity of an instrument refers to the
ability of the instrument to respond to changes
in the value of the measured variable. If an

instrument can respond to very small changes

in the measured variable, it is a very sensitive
instrument; if larger changes in the measured
variable are requiredto produce effective motion
of the measuring element, the instrument isless
sensitive, =

Sensitivity is quite directly related to fric-
tion within an instrument, An instrument that
has relatively small energy losses because of
friction will, all other t
more sensitive than an
tively large friction losses,

|
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CHAPTER 8
INTRODUCTION TO THERMODYNAMICS

The shipboard engineering plant may be -

thought of as a series of devices and arrange-
ments for the exchange and transformation of
energy. The energy transformation of greatest
importance in the shipboard plant istheproduc-
tion of mechanical work from thermal energy,
since we depend largely upon this transformation
to make the ship move through the water. On
steam-driven ships, steam serves the vital pur-
pose of carrying energy to the engines. The
source of this energy may be the combustion of
a conventional fuel oil or the fission of a radio-
active material. In either case, the steamthat is
generated is the medium by which thermal energy
is carried to the ship’s engines, where it Is
converted into mechafilcal ‘energy whichpropels
the ship. In addition, energy transformations

‘related directly or indirectly to the basic pro-

pulsion plant energy conversion provide power
for many vital services such as steering, light-
ing, ventilation, heating, refrigeration and air
conditioning, the operation of various electrical
and electronic devices, and the loading, aiming.
and firing of the ship’s weapons.

In order to acquire a basic understanding of
the design of shipboard engineering plants, it is
necessary to have some understanding of certain
concepts in the field of thermodynamics. In the
broadest sense of the term, thermodynamics is
the physical science that deals with energy and
energy transformations. The brarch of thermo-

‘dynamics which is of primary interest to engi-

neers is usually referred to as applied thermo-
dynamics or engineering thermodynamics; it
deals with fundamental design and operational
considerations of boilers, turbines, internal
combustion engines, air compressors, refrig-
eration and air conditioning equipment, and other
machinery in which energy is exchanged or
transferred in order to produce some desired
effect.

This chapter deals with certain thermody-

namic concepts that are particularly necessary-
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as a basis for understanding the shipboard
engineering plant. The information given here

" is introductory in nature; obviously, it is not in

any sense a complete or thorough exploration
of the subject. Insofar as possible, we will
depend upon verbal -description rather than
mathematical analysis to develop our under-

standing of the laws and prlnc{ples of energy.

exchanges and transformations.

It should perhaps be noted that many of the
terms used in this chapter—including such basic
terms as energy and heat-—have more specialized
and more precise meanings in the study of ther-
modynamics than they do in everyday life or
even in'the study of general physics. This is
only to be expected; thermodynamics is a highly
specialized branch of physics and, likeany other
specialty, it requires a certain refinement of
terminology. If any difficulty arises from the
fact that familiar terms are used in asomewhat
unfamiliar sense, the difficulty can be largely
minimized by paying particular attention to the
exact meaning of each term, as defined here,
rather than depending upon a general knowledge
for an understanding of the terms.

ENERGY

Although energy has a general meaning to
almost everyone, it is not easy to define the
word in a completely satisfactory way. Energy
is intangible and is largely known through its
effects. Because energy is so often manifested
by the production of work, energy is commonly
defined as ‘‘the capacity for doing work.’’ How-
ever, this is not entirely adequate as a defini-
tion, since work is not the only effect that is

1'l'he student who has the mathematical background
required for further study of thermodynamics will find

: it profitable to consult thermodynamics texts to am-

plify the information given in this chapter.
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PRINCIPLES OF NAVAL ENGINEERING

produced by energy, For example, hexi canflow
from one body to another without doing any work
at all, but the heat must still be ciasidered as
energy and the process of heat traagfo. must be
recognized as a process that has mroduced an
effect, A broader definition, then, an. une which
satisfive more of the conditions under which we
knov: easrgy to exist, is ‘‘the capacity for pro-
duciii an effect.”’

Energy =xists in many forme. ¥or conveni-
ence, we usually classify energy s.ccording to
the size and nature of the bodies or particles
with which. the energy 18 associaied. T'ms we
say thr. mechanicul faegy is the energy asso-
ciated with large bidies or objects «~usually,
things that are big etivugh to see, Thermal
ener, is energy associated with molecwc s,
Cliamical energy is energy that orises from the
forces that bind the atoms together in a molecule,
Chemical energy is demorstrated whenever
combustion or any other chemical reactiuntikes
place. Electrical enrgy, light, X-ra 8, and
radic waves are examples of energy associated
with particles that are even smaller than atoms,

Each of these types of eneryy muat be further
clasnified as ('} stored ene; £y, or (2) energy in
transition. Stored €rrgy can ba thought of as
energy that isactually “‘coutatred i’ or “stred
in”’ a substance or system. There we twokindg
of stored energy: (1) potential energy, and (2)
kinetic energy. When energy is stored in a sys-
tem because of the relative positions of two or
more objects or particles, we call it potential
energy. When energy is etored in a system be-
cause of the relative velocities of two or more
objects or particles, we call it kinetic energy.
It should be emphasized that 2l stored energy
is either potential energy or kinetic energy,

Energy in transition is, as thename implies,
energy that is inthe process of being transferred
from one object or systemto another. All energy
in transition begins and ends as stored energy,

In order to understand any form of energy,
then, we need to know the relative size of the
bodies or particles in the energy yystem and we
need to know whether the energy is stored or in
transition. Bearing in mind these two modes of
classification, let us now examine mechanical
energy and thermal energy—the two forms of
energy which are of particular interest inprac-
tically all aspects of shipboard engineering,

MECHANICAL ENERGY

Energy associated with a system compose&
of relatively large bodies is called mechanical

energy. The two forms of stored mechanical
energy are (1) mechanical potential energy,
and (2) mechanical kinetic energy.2 Mechanical
energy in transition is manifested by work.

Mechanical potential energy is stored in a
system -by virtue of the relative positions of
the bodies that make up the system. The me-
chanical potential energy associated with the
grovitational attraction between the ea;*h and
another body provides us with many everyday
examples. A rock resting on the edge of a cliff
in such a position that it will fall freely if
pushed has mechanical potential energy. Water
at the top of a dam has mechanical potetia’
energy. A sled th:.t ig being i.1d at the top of an
icy hill has mechasical ¢tatial energy. Note
that. in each of thege exampiles the energy resides
nettier in the earth alone nor (nthe other object
alone but rather in an energy system of which
the earth i merely oge component,

Mechanical kineisce energy is stored i a
svetem by virtue of the relative velocities of
*ae componeni narts of the 8ystawa, Push that
rock uver the edgy:. of the vliif, open the gate of
tae dam, or let &e uf the sled-and something
WIK move, The rock will fall, the water will
fiow, the sled will slide down the hill, In each
case the mechanical potential energy will be
changed to mechanical kinetic energy. Since it
is customary to ascribe Zer o velocity to an object
which is at. rest with respect to the earth, it is

also customary to think of kinetic energy as -

though it pertained only to the object which is
in motion with respect tc the earth, It should be
remembered, however, that kinetic energy, like
potential fnergy, is properly assigned to the
8ystem rather than to any one component of the
System, :

In these examples of mechanical potential
energy and miechanical kinetic energy, we have
used an external source of energy to get things
started. Energy from some outside source is
required to push the rock, open the gale ¢f tha
dam, or let go of the sled. All rezl magchines
a:ud processes require this kind of a Lot from
an energy source outside of the System; simi-
larly, the energy from any onesystem is bound

2Although all forms of er~rgy may be storer: us poten~
tial energy or as kinetic cnergy, theseterr: s rafer, in
common usage, to mechanical potentiai wneigy and
mechanical kinetic energy, 23 ur,me othe> formof
energy (thermal, chemical'. eto,) iu specified,
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to affect other energy systems, since no one
system can be completely isolated as far as
energy is concerned. However, it is easier to
understand the basic energy concepts if we dis-
regard all the other energy systems that might
be involved in or affected by eachenergy process.
Hence we will generally consider one system at
a time, disregarding energy boosts that may be
received from an outside source and disregard-
ing the energy transfers that may take place
between the system we are considering and any
other system,

It should be emphasized that mechanical
potential energy and mechanical kinetic energy
are both stored forms of energy. Some confusion
arises because mechanical kinetic energy is
often referred to as the ‘‘energy of motion,’’
thus leading to the false conclusion that ‘‘energy
in transition’’ is somehow Involved. This is.not
the case, however. Work—mechanical work-is
the only form of mechanical energy which can
nrroperly be considered as energy in transition,

Mechanical potential energy and mechanical
kinetic energy are mutually convertible, Totake
the example of the rock resting on the edge of
the cliff, let us suppose that some external force
pushes the rock over the edge so that it falls.
A8 the rock falls, the system loses potential
energy but gains kinetic energy. By the timethe
rock reaches the ground at the base of the cliff,

all the potential energy of the system has been

converted into kinetic energy. The sum of the
potential energy and the kinetic energy is iden-
tical at each point along the line of fall, but the
proportions of potential energy and kinetic
energy are constantly changing as the rockfalls.

To take another example, consider a baseball
that is thrown straight up into the air, The ball
has kinetic energy while it is in upward motion,
but the amount of Kinetic energy is decreasing
and the amount of potential energy is increasing
as the ball travels upward., When the ball has
just reached its uppermost position, before it
starts to fall back toward the earth, it has only
potential energy. Then, as the ball falls back
toward the earth, the potential energy is con-
verted into kinetic energy again.

The magnitude of the mechanical potentlal
energy stored in a system by virtue of the rela-
tive positions of the bodies that make up the
system is proportional to (1) the force of at-
traction between the bodies, and (2) the distasce
between the bodies, In the case of the rock which
is ready to fall from the edge of the cliff, we are
concerned with (1) -the force of attractlon

between the earth and the rock—that is, the force
of gravity acting upon the rock, or the weight of
the rock, and (2) the linear separation between
the two objects. If we measure the weight in
pounds and the distance in feet, the amount of
mechanical potential energy stored in the system
by virtue of the elevation of the rock is meas-
ured in the unit called the foot=pound. Specifi-
cally,

E =WxD
p
where

E_ « mechanical potential energy, in foot-
pounds

W = weight of body, in pounds -
D = distance between earth and body, in feet

The magnitude of mechanical kinetic energy
is proportional to the mass and to the square of
the velocity of an object which has velocity with
respect to another object, or

where

Ek s mechanical kinetic energy, in foot-
pounds

M = mass of body, in pounds

V = velocity of body relative to the earth,
in feet per second

" Where it is more convenient touse the weight
of the body, rather than the mass, the equation
becomes
' 2
E = wv

where W is the weight of the body, in pounds,
is the acceleration due to gravity, gen-

y taken as 32.2 feet per second persecond.
Work, as we have seen, is mechanical energy

in transition—that is, it is a transitory form of
mechanical energy which occurs only between
two or more other forms of energy. Work is
done when a tangible body or substance is moved
through a tangible distance by the action of a
tangible force. Thus we may define work as the
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energy which is transferred by the action of a
force through a distance, or

where

E
w

F

k= work, in foot pounds
= force, in pounds

D = distance (or displacement), in feet

In the case of work done against gravity, the
force is numerically the same as the weight of
the object or body that is beingdisplaced,

It is important to note that no work is done
unless something is displaced from its previous
position. When we lift a 5-pound weight from
the floor to a table that is 3 feet high, we have
done 15 foot-pounds of work. If we merelystand
and hold the 5-pound weight, we do not perform
- any work in the technical sense of the term, even
though we may feel like we are working. In this
case, actually, all we are doingis exertingforce
in order to support the weight against the action
of the force of gravity. The forces are balanced;
there is no motion or displacement of the weight,
80 no work is done,

If the force and the displacement areneither
acting in the same direction nor acting in total
opposition, work is done only by that component
of the force which is acting in the direction of
the displacement of the body or object. A man
pushing a Iawnmower, for example, is exerting
some force that acts in the direction in which
the lawnmower is moving; but he is also exert-

fell back to the floor, the mechanical potential
energy was converted into mechanical kinetic

. energy. In one sense, therefore, we say that

ing some force which acts downward, at right.

angles to.the direction of displacement. In this

‘case, only the forward component of the exerted
force results in work—that is, in the forward
motion of the lawnmower.

Suppose that we move an object in sucha way
that it returns to its original position. Have we
done work or haven’t we? Let us consider again
the example of lifting a 5-pound weight to the
top of a 3-foot table. By thisaction we have per-
formed 15 foot-pounds of work. Now suppose
that we let the weight fall back to the floor, so
that it ends up in the same position it had origi-
-nally, Displacement is zero, 80 work must be
zero. But what has happened to the 15 foot-pounds
of work we put into the system when we liffed

our work was ‘‘undone’’ and that no net work
has been done,

On the other hand, we may choose to regard
the two actions separately. In such a case, we
say that we have done 15 foot-pounds of work by
lifting the weight and that the force of gravity
acting upon the weight has done 15 foot-pounds
of work to return the weight to its original posi-
tion on the floor. However, we must regard one
work as positive and the other as negative. The
two cancel each other out, so there is again no
net work., But in this case we have recognized

that 15 foot-pounds of work were performed .

twice, in two separate operations, by two dif-
ferent agencies,

This example has been elaborated at some
length because we may draw several important
inferences from it. First, it may help to clarify
the concept of work as a form of energy that
must be accounted for. Also, it may help to
convey the real meaning of the statement that

work is mechanical energy in transition. Work .

is energy in transition because it occurs only
temporarily, between other forms of energy, and
because it must always begin and end as stored
energy. And finally, the example suggests the
need for arbitrary reference planes in connec-
tion with the measurement of potential energy,
kinetic energy, and work, The quantitative
consideration of any form of energy requires a
frame of reference which defines the starting
point and the stopping point of any particular
operation; the reference planes are practically
always relative rather than absolute.

Note that mechanical potential energy, me-

| chanical kinetic energy, and work are all

the weight to the top of the table? By doing this

work, we gave the system 15 foot-pounds of

" ~cal engineering,

mechanical - potential energy. When the weight

160

measured in the same unit, the foot-pound. One
foot<pound of work is done when a force of 1

pound acts through a distance of 1 foot. One’

foot-pound of mechanical kinetic energy or 1
foot-pound of  mechanical potential erergy is
the amount of energy that would be required to
accomplish 1 foot-pound of work.

The amount of work done has nothing to do
with the length of time required to do it. If a

‘weight of 1 pound is lifted through a distance

of 1 foot, 1 foot-pound of work has been done,
regardless of whether it was done in half a
second or half an hour. The rate at which work
is done is called er, In the field of mechani-

common unit of measurement for power, By
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definition, 1 horsepower is equal to 33,000foot-
pounds of work per minute or 550 foot-pounds of
work per second. Thus a machine that is capable
of doing 550 foot-pounds of work per second is
said to be a 1-horsepower machine.

THERMAL ENERGY

Energy associated primarily with systems
of molecules is called thermal energy. Like
other kinds of energy, thermal energy may exist
in stored form (in which case it is called in-
ternal ener or as energy in transition (in
which case it is called heat).

In common usage, the term heat is oftenused
to include all forms of thermal energy. How-
ever, this lack of distinction between heat and the
stored forms of thermal energy can lead to
serious confusion. In this text, therefore, the
term internal energy is used to describe the
stored forms of thermal energy, and the term
heat is used only to describe thermal energy
in transition.

Internal Energy

Internal energy, like all stored forms of
energy, exists either as potential energy or as
kinetic energy.

Internal potential energy is the energyasso-
ciated with the forces of attraction that exist
between molecules. The magnitude of internal
potential energy is dependent upon the mass of
the molecules and the average distance by which
they are separated, in much the same way that
mechanical potential energy depends upon the
mass of the bodies in the system and the dis-
tance by which they are separated. The force of
attraction between molecules is greatest in
solids, less in liquids and yielding substances,

- and least of all in gases and vapors. Whenever

something happens to change the average dis-
tance between the molecules of a substance,
there is a corresponding.change in the internal
potential energy of the substance.

Internal kinetic energy is the energy asso-
ciated primarily with the activity of molecules,
just as mechanical kinetic energy is the energy
associated with the velocities of relativelylarge
bodies. It is important to note that the tempera-
ture’ of a substance arises from and is propor-
tional to the molecular activity with which.in-

- ternal kinetic energy is associated.

For most purposes, we will not need to
distinguish between the two stored forms of

internal energy. Instead of referring to internal
potential energy and internal kinetic energy,
therefore, we may often simply use the term
internal energy. When used in this way, without
qualification, the term internal energy should
be understood to mean the sum total of all
internal energy stored in the substance or sys-
tem by virtue of the motion of molecules or by
virtue of the forces of attraction between
molecules.

Heat

Although the term heat is more familiar than
the term internal energz it may be more diffi-
cult to arrive at an accurate definition of heat.
Heat is thermal energy in transition. Like work,
heat is a transitory energy form existing be-
tween two or more -other forms of energy.

Since the flow of thermal energy can occur
only when there is a temperature difference
between two objects or regions, it is apparent
that heat is not a property or attribute of any
one object or substance. If aperson accidentally
touches a hot stove, he may understandably feel
that heat is a property of the stove. More ac-
curately, however, he might reflect that his hand
and the stove constitute an energy system and
that thermal energy flows from the stove to his
hand because the stove has a higher tempera-
ture than his hand.

As another example of thedifference between
heat and internal energy, consider two equal
lengths of piping, made of identical materials
and containing steam at the same pressure and
temperature. One pipe is well insulated, one is
not. From everyday experience, we expect more
heat to flow from the uninsulated section of pipe
than from the insulated section. When.the two
pipes are first filled with steam, the steam in

.one pipe contains exactly as much internal energy

as the steam in the other pipe. We know this is
true because the twopipes contain equal volumes
of steam at equal pressures and temperatures.
After a few minutes, the steam in the uninsu- -
lated pipe will contain muchless internal energy
than the steam in the insulated pipe, as we can
tell by reading the pressure and temperature
gages on each pipe, What has happened? Stored
thermal energy-internal energy--has moved
from one place to another, first from the
steam to the pipe, then from the uninsulated
pipe to the air., It is this movement, or
this flow, of energy that should properly be
called heat. Temperature is a renectlon of the
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amount of internal kinetic energy possessed by
an object or a substance, and it is therefore an
attribute or property of the substance. The move-
ment or flow of thermal energy—or, in other
words, heat—i8 an attribute of the energg' system
rather than of any one component of it.

Units of Measurement

In engineering, heat is commonly measured
in the unit called the British thermal unit (Btu).
Originally, 1 Btu was defined as the quantity of
heat required to raise the temperature of 1 pound
of water through 1 degree on the Fahrenheit
scale. A similar unit called the calorie (cal) was
originally defined asthe quantity of heat required
to raise the temperature of 1. gram of water
through 1 degree on the Celsius scale. These
units are still in use, but the original definitions
have been abandoned by international agreement,
The Btu and the calorie are nowdefined in terms
of the unit of energy called the joule.? The

"The correct definition of heat is emphasized here in
order to avoid subsequent misunderstanding in the
study of thermodynamic processes, It is obvious that
"heat" and related words are sometimes used in a
general way to indicate temperature. For example,
we have no simple way of referring to an object with
a large amount of internal kinetic energy exceptto say
that it i8 "hot." Similarly, a reference to "the heat of
the sun" may mean eitherthe temperature of the sun or
the amount of heat being radiated by the sun, Even
"heat flow" or "heat transfer'—the terms quite prop-
erly used to describe the flow of thermal energy—are
sometimes used in such a way as toimply that heat is
8 property of one object or substance rather than an
attribute of an energy system. To a certajn extent,
such inacourate use of "heat" and related words is
really unavoidable; we must continue to Yadd heat"
and "remove heat” and perform other impossible
operations, verbally, unless we wish to adopt a very
stuffy and long-winded form of speech, It is essential,
however, that we maintain a clear understanding of
the true nature of heat and of the distinction between
heat and the stored forms of thermal energy.

Several reasons contributed to the abandonmentofthe
original definitions of the Btu and the calorie. For one
thing, precise measurer.ents indicated that the quantity
of heat required to raise a specified amount of water
through 1 degree on the appropriate scale was not con-
stant at all temperatures, Second—and perhaps even

* more important—the recognition of heat as a fornt of

energy makes the Btu and the calorie unnecessary, In-
deed, it has been suggested that the calorie and the Btu
could be given up entirely and that heat could be ex~
preased directly in joules, ergs, foot-pounds, orother

~ established energy units, Some progress has been maide
in this direction, but not much; the Btuand the calorie -

are still the units of heat most widely used in engineer-
ing and in the physical gciences generally,

following relationships have thus been estab-
lished by definition or derived from the estab-
lished definitions:

1 calorie = ﬁ watt-hour

= 4.18605 joules

3.0883 foot-pounds
1 Btu = 251,996 calories

778.26 foot-pounds

1054,886 joules

The values given here are, of course,, con-
siderably more precise than those normally re-
quired in engineering calculations.

When large amounts of thermal energy are
involved, it i8 often more convenient touse mul-

tiples of the Btu or the calorie, For example, we.

may wish to refer to thousands or millions of
Btu, in which case we would use the unit kB
(1 kB = 1000 Btu) or the unit mB (1 mB =
1,000,000 Btu). Similarly, the kilocalorie may
be used when we wish to express calories in
thousands (1 kilocalorie = 1000 calories), The
kilocalorie, also called the ‘‘large calorie,”’ is
~the unit normally used for indicating the thermal
energies of various foods. Thus a portion of
food which contains ‘100 calories’’ actually con-
tains 100 kilocalories or 100,000 ordinary calo-
ries,

Heat Transfer

Heat flow, or the transfer of thermal energy
from one body, substance, or region to another,
takes place always from a region of higher t%m-
perature to a region of lower temperature.® In
thermodynamics, the high temperature region
may be called the source or the émitting region:
the low temperature region may-be cailed the
sink, the receiver; or the recelving region,

SThis statement, although entirely trus for all practi-
cal engineering applications, should perhaps bequali-
fied. Energy exchanges.between moleciiles may be
thought of as being random, in the statistioal sense;
therefore; some exchanges of thermal energy may in=-
"deed "go in the wrong direction'—that is, from a
‘oolder region to a warmer region. On the aver
however, the flow of heat is always from the higher to
the lower temperature,
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9 Although three modes of heat transfer—
¢ conduction, radiation, and convection—are com-
monly recognized, we will find it easier to
understand heat transfer if we make a distinction
between conduction and radiation, on the one
hand, and convection, on the other. Conduction
and radiation may be regarded as the primary
modes of heat flow. Convection may best be
thought of as a related but basically different
and special kind of process which involves the
movement of 2 mass of fluid from one place to
another.

CONDUCTION,~Conduction is the mode by
which heat flows from a hotter to a colder re-
gion when there is physical contact between the
two regions. For example, consider a metal bar
which is held so that one end of it is in boiling’
water. In a very short time the end of the bar
which is not in the boiling water will have be-
come too hot to hold. We say that heat has been
conducted from molecule to molecule along the
entiré length of the bar. The molecules in the
layer nearest the source of heat become in-
creasingly active as they receive thermal
energy. Since each layer of molecules is bound
to the adjacent layers by cohesive. forces, the
| motion is passed on to the next layer which, in
; turn, sets up increased activity inthe nextlayer.
The process of conduction continues as long as
there is8 a temperature difference between the
two ends of the bar.

The total quantity of heat conducted depends
upon a number of factors. Let us considera bar
of homogeneous material which is uniform in
cross-sectional area throughout its length. One
end of the bar is kept at a uniformly high tem-
perature, the other end is kept at a uniformly
low temperature. After a steady and uniform
flow of heat has been established, the total quan-
tity of heat that will be conducted through this
bar depends upon the following relationships:

1, The total quantity of heat passing through

rectly proportional to.the cross-sectional area
of the conductor. The cross-sectional area is
measured normal to (that is, at right angles to)
the direction of heat flow. - . '

2. The total quantity of heat passing through
the conductor in a given length of time is pro-
portional to the thermal gradient—that is, tothe
difference in temperature between the two ends
of the bar, divided by the lengthofthe bar.’

R

the conductor in a given length of time is di-«

3. The quantity of heat is directly propor-
tional to the time of heat flow. )

4. The quantity of heat depends upon the
thermal conductivity of the material of which
the bar is made. Thermal conductivity (k) is
different for each material.

These relationships may be expressed by
the equation

t t
Q=xTa-l52
where

Q = quantity of heat, in Btu or calories

k = coefficient of thermal conductivity
. (characteristic of each material)

‘e

T = time during which heat flows

A = cross-sectional area, normal to thepath
of heat

tl = temperature at the hot end of the bar
ty= temperature at the cold end of the bar

L= dlsfance between the two ends of the bar

This equation, which i8 sometimes calledthe
.general conduction equation, applies whether we
are using a metric system or a British system.
Consistency in the use of units is, of course,
vital.

t, = t, . :
The quantity %ls called the thermal
gradient or the temperature gradient. In the
metric CGS system, the temperature gradient is
expressed in degrees Celsius per centimeter of

length; the cross-sectional area is expressedin

square centimeters; and the time is expressed
in seconds. In British units, the temperature
gradient 18 expressed in Btu per inch (or some-
times per foot) of length; the cross-sectional
area is expressed in square feet; and the time is
expressed In seconds or in hours. (As may be
noted, some caution is required in using the
British units; we must know whether the tem-

perature gradient indicates Btu per inch or Btu

-4 per foot, and we must know whether the time is
expressed in seconds or in hours.)

From the general conduction equation, we -

‘may ' infer that the ‘coefficient of thermal
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conductivity (k) represents the uantity of heat
which will flow through unit cross section and
unit length of a material In unit tfme when there
is unit temperaturedifference between the hotter
and the colder faces of the material, :

Thermal conductivity is determined experi-
mentally for various materials, We may perhaps
visualize the process of conduction more clearly
and understand its quantitative aspects more
fully by examining an apparatus for the deter-
mination of thermal conductivity and by setting
up a problem,

Figure 8-1 shows a device that couldbe used
for determining thermal conductivity, Assume
that we have a bar of uniform diameter, made
of an unknown metal, (If we knew the kind of
metal, we could look up the thermal conduce
tivity in a table; since we donot know the metal,
we shall find k experimentally.) One end of the
bar is inserted into a steam chest in which a
constant temperature is maintained; the other

end of the bar is inserted into a water chest, .

The quantity of water flowing through the water
chest and the entrance and exit temperature of
the water are measured, Also, the temperature
of the bar itself is measured at two points by
means of thermometers inserted into holes in
the bar; we may choose any two points along the
bar, provided they are reasonably far apart and
provided they are some distance away from the
steam chest and the water chest, :

We will assume that the entire apparatus ‘is
perfectly insulated so that the temperature dif-
ference between t, and t. is an accurate reflec-
tion of the heat donducfd along the bar and so

that the amount of heat absorbed by the cir culat-
ing water in the water chest is a true indication
of the heat conducted from the hotter end of the
bar to the colder end. We will assume that the
following data are known at the outset or learned
by measurement or determined in the course of
the experiment:

Specific heat of water = 1,00

Teomperature' of water entering water chest »
20°C :

Temperature of water leaving water chest =
30°C
Mass of water passing through water chest =
1300 grams

- ty (temperature at hotter end of bar) = 80°C
t, (temperature at cooler end of bar) = 60°C

A (cross-sectional area of bar) = 20 square
centimeters

L (distance between points of temperature
measurement on bar) = 10 centimeters

- T (time of heat flow) = 6 minutes = 360 sec-
onds .

To determine the thermal conductivity, k, of
our unknown metal, we will use two equations.

t2 - ———— WATER N

. .

E .
STEAM IN—> STEAM i ?
- CHEST

Figure 8-1,—Device for measuring thermal conductivity,
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One is the general conduction equation
t, —t

Q-kTA-l—L—z'

where, as we have seen, Q may be expressed
in calories or in Btu. In this example, we are
using the metric CGS system and must therefore
express Q in calories. The second equation we
will use gives us a second way of calculating
Q~that is, by determining the amount of heat
absorbed by the circulating water, Thus,

Q = mass of wate:" x temperature change
of water x specific heat of water

Substituting some of our known values in
this second equation, we find that

Q = (1300) (10) (1) = 13,C00 calories

Using this value of Q and substituting other

known values in the general coaduction equation,
we find that '

13,000 = k (360) (20) (301;050) J
= k (360) (20)'(2)
= 14,400 k

0.9=k

It should be noted that the general conduction _

equation applies only when there is a steady-
state thermal gradient-that is, after a uniform
flow of heat has been established. It should be
noted also that k varies slightly as a function of
temperature, although for many purposes the
rise in k that goes with a rise in temperature
is so slight that it can safely be disregarded,
In considering the experimental determina=-
tion of thermal conductivity, why do we include
- “gpecific heat of water = 1,00’ as one of the
known data? What is specific heat, and what is
its utility? Specific heat (also called heat capac=-
ity or specific heat capacity) is, like thermal
conductivity, a thermal property of matter that
must be determined experimentally for each
substance. In general, we may say that specific
heat is the property of matter that expiains why
the addition of equal quantities of -heut: to two
" different substances will not necessarily produce
the same temperatgyerise in thetwo sul:stances.
We may define the specilic heat of any substance

ERIC

IToxt Provided by ERI

as the quantity of heat required to raise the
m%tmwm%_mn
degree.® In the metric CGS system, specific
heat is expressed in calories per gram per
degree  Celsius; in the metric MKS system, it
is expressed in kilocalories per kilogram per
degree Celsius; and in British systems, it is
expressed in Btu per pound per degree Fahren-
heit. The specific heat of water is 1,00 in any
system, and the numerical value of specific
heat for any given substance is the same in all
systems (although the units are, of course, dif-
ferent).

Specific heat is determined experimentally
by laboratory procedures which are extremely
complex and difficult in practice, although
basically simple in theory. One of the common=~
est methods of determining specific heat is
known as the method of mixtures. In this pro-
cedure, a known mass of finely divided metal is
heated and then mixed with a known mass of

. water. The temperatures of the metal before

mixing, of the water before mixing, and of the
mixture just as it reaches thermal equilibrium
are measured. Then, on the simple premisethat
the heat lost by one substance must be gained
by the other substance, the specific heat of the

metal can be found by using the egquation
myey (t) —tg) = myey (g —ty)
where
m, = mass of metal
m, = mass of watér
= specific heat of metal
= gpecific heat of water (known to be 1.00)
= temperatuxfe of metal before mixing

= temperature of water before mixing

ty = temperature at which water and metal
reach thermal equilibrium

6Speomc heat as defined here should not be confused

with the relatively useless concept of specific heat
ratio, by which the heat capacity of each substance is
compared to the heat capacity of water (taken as 1.00).

. The specific heat ratio is, obviously, a pure number

without units.
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In words, then, we may say that the mass
times the specific heat times the temperature
change of the first substance must equal the
mass times the specific heat times the tem-
perature change of the second substance. Inthis
equation and in this verbal statement, we are
ignoring the thermal energy absorbed by the
apparatus, by the stirring rods, and by the
thermometers. In actually determining specific
heats, it is often necessary to account for all
thermal energy, even that relatively minute
quantity which is absorbed by the equipment.
In such a case, the heat absorbed by the equip-
ment is merely added to the right-hand side of

" the equation.

Specific heat is primarily useful' in that
it allows, us to determine the quantity of heat
added to a substance merely by observing the

temperature rise, when we know the mass and -

the specific heat of the substance. And this, in
fact, is precisely what we did in the thermal
conductivity problem, where we calculated the
amount of heat that had been absorbed by the
water in the water chest by using the equation

Q = mass x temperature change x specific heat

Specific heat varies, in greater or lesser
degree, according to pressure, volume, and

“>- temperature. Specific heat values quoted for

solids and liquids are obtained through experi-
mental procedures in which the substance is
kept at constant pressure, The specific heat of
any gas may vary tremendously, having in fact
an almost infinite variety of values because of
the almost infinite variety of processes and
states during which energy is-transferred to or
by a gas. For convenience, specific heats of
gases are given as specific heat at constant
volume (cy) and specific heat at constant pres-
sure (cp).

RADIATION, ~Thermal radiation is a mode

of heat transfer that does not involve anyphysi=
cal contact between the emitting region and the
receiving region. A person sitting near a hot
stove is warmed by thermal radiation from the
stove, even though the air in between remains
relatively cold. Thermal radiation from the
sun warms the earth without warming the space
through which it passes. Thermal radiation
passes through any transparent substanee—air,
glass, ice—without warming it to any extent
because transparent materials are very poor
absorbers of radiant energy.
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All substances—solids, liquids, and gases—

emit radiant energy at all times. We tend to
think of radiant energy as something that is
emitted only by extremely hot objects such as
the sun, a stove, or a furnace, but this is a very
limited view of the nature of radiant energy.
The earth absorbs radiant energy emitted by the
sun, but the earth in turn radiates energy to the
stars. A stove radiates energy to everything
surrounding it, but at the same time allthe sur-
rounding objects are radiating energy to the
stove. A child standing near a snowman may
well believe that the snowman is ‘‘radiating
cold” rather than emitting radiant energy; ac-
tually, however, both the child and the snowman
are emitting radiant energy. The child, of course,
is radiating far more energy than the snowman,
so the net effect of this energy exchange is that
the snowman grows warmer and the childgrows
colder. We are literally surrounded by—and a
part of—such energy exchanges at all times. As
we consider these energy exchanges, we may ar=
rive at a new view of thermal equilibrium:
when objects are radiating precisely as much
thermal energy as they are receiving, in any
given period of time, they are in thermal equi-
librium.

Thermal radiation is an electromagnetic
wave phenomenon, differing from light, radio
waves, and other electromagnetic phenomenon
merely in the wavelengths involved. When the
wavelengths are in the infrared part of the elec-
tromagnetic spectrum—that is, when they are
just below the range of visible light waves—we
refer to the radiated energy as thermal radia-
tion. It should be noted, however, that all elec-
tromagnetic waves transport energy which can
be absorbed by matter and which can in many
cases result in observable thermal effects. For
example, one energy unit of light absorbed by
a substance produces the same temperature rise
in that substance as is produced by the absorp-
tion of an equal amount of thermal (infrared)
energy. -

When radiant energy falls upon a body that
can absorb it, some of the energy is absorbed
and some is reflected. The amount absorbed and
the amount reflected depend in large part upon
the surface of the receiving body. Dark, opaque
bodies absorb more thermal radla\tlon than shiny,
bright, white, or polished bodies. Shiny, bright,
white, or polished bodies reflect more thermal
radiation than dark, opaque bodies. Good radia-~
tors are also good absorbers and poor radiators
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are poor absorbers. In general, good reflectors
are poor radiators and poor absorbers.

In considering thermal radiation, the concept
-t of black body radiation is frequently a useful
[ construct. A black body is conceived of as an
:  ideal or theoretical body which, being perfectly

' black, is a perfect radiator, a perfect absorber,
and a perfect nonreflector of radiant energy.

The thermal radiation emitted by such aperfect

bluk body is proportional to T4~that is, to the .

absolute temperature raised tothe fourthpower.
Because of the fourth power relationship, dou-
bling the absolute temperature increases the
radiation 16 times, tripling the absolute tem-
perature increases the radiation 81 times, and
so forth. The thermal radiation emitted by real
bodies is also proportional tothe fourth power of
the absolute temperature, although the total
radiation emitted by a real body depends also
upon the surface of the body. Consideration of
the relationship between the thermal radiation
of a body and the fourth power of the absolute
temperature of that body explains why the prob-
lem of thermal insulation against radiation
losses increases so enormously as the tempera-
ture increases.

CONVECTION, —Although convection is often
loosely classified as a mode of heat transfer, it
is more accurately regarded as the mechanical
transportation of a mass of fluid (liquid or gas)
from one place to another. In the process of this
transportation, all the thermal energy stored
within the fluid remains in stored form unless it
is transferred by radiation or by conduction,
Since convection does not involve thermal energy
in transition, we cannot in the most fundamental
sense regard it as a mode of heattransfer.

Convection is the transportation or the move-
ment of some portions within a mass of fluid. As
this movement occurs, the moving portions of
the fluid transport their contained thermwal
energy to other parts of the fluid. The effect of

* ' convection is thus to mix the various portions of

- the fluid, The part that was at the bottom of
the container may move to the top or the part
that was at one side may move tothe other side.
As this mixing takes place, heattransfer oceurs
by conduction and radiation from one part of the
fluid to another and between the fluid and its
surroundings, In other words, convegtion trans-~
ports portions of the fluid from one placeto an-
other, mixes the fluid, and thus provides an
opportunity for heat transfer to occur. . But

convection does not, in and of itself, ‘‘transfer’’
thermal energy.

Convection serves a vital purpose in bring-
ing the different parts of a fluid into close
contact with each other so that heat transfer can
occur. Without convection, there would be little
heat transfer from, to, or within fluids, since
most fluids are very poor at transferring heat
except when they are in motion,

Two kinds of convection may be distinguished.
Natural copvection occurs whenthere are differ-
ences in the density of different parts of the
fluid. The differences in density are usually
caused by unequal temperatures within the mass
of fluid. As the air over a hot radiator is heated,
for example, it becomes less dense and there-
fore begins to rise. Cooler, heavier air is drawn
in to replace the heated air that has moved up-
ward, and convection currents are thus set up.
Another example of natural convection, and one
that may be quite readily observed, may be
found in a pan of water that is being heated on
a stove. As the water near the bottom of the pan
is heated first, it becomes lessdense and moves
upward. This displacesthe cooler, heavier water
and forces it downward; as the cooler water is
heated in turn, it rises and displaces the water
near the top. By the time the water has almost
reached the boiling point, a considerable amount
of motion can be observed in the water.

. Forced convection occurs when some me-
chanical device such asapumpora fan produces
movement of a fluid, Many examples of forced
convection may be observed in the shipboard
engineering plant: feedpumps transporting water
to the boflers, fuel oil pumps moving fuel oil
through heaters and meters, lubricating oil
pumps forcing lubricating ofl through coolers,
and forced draft blowers pushing air through
boiler double casings, to name but a few. ,

The " mathematical treatment of convection
is extremely complex, largely because the
amount of heat gained or lost through the con-
vection process depends upon so many different
factors. Empirically determined convection co-
efficients which take account of these -many
factors are available for most kinds of engineer-
ing equipment.

Sensible Heat and Latent Heat

4

Thé terms gensible heat and latent heat are '

often used to indicate the effect that the trans-
fer of heat has upon a substance, The flow of
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heat) from one substance to another is normal-
ly reflected in a temperature change in each
substance—that is, the hotter substance be-
comes cooler and the cooler substance becomes
hotter. However, the flow of heat is not re-
flected in a temperature change in a substance
which is &n process of changing from one physi-
cal state’ to another. When the flow of heat is
reflected in a temperature change, we say that
sensible heat has been added to or removed
from a. substance. When the flowof heat is not
reflected in a temperature change but is re-
flected in the changing physical state of a sub-
stance, we say that latent heat has been added
or removed.

Since heat is defined as thermal energy in
transition, we must not infer that sensible heat
and latent heat are really two different kinds of
heat. Instead, the terms serve to distinguish
between two different kinds of effects produced
by the transfer of heat; and, at a more funda-
mental level, they indicate something about the
manner in which the thermal energy was or will
be stored. Sensible heat involves internal kinetic
energy and latent heat involves internal potential
energy.

The three fundamental physical states of all
matter are solid, liquid, and gas (or vapor). The
physical state of a substance is clogely re-
lated to the distance between molecules. The
molecules are closest together insolids, farther
apart inliquids, and farthest apart in gases. When
the flow of heat to a substance is not reflected in
a temperature change, we know that the energy
is being used to increase the distance between
the molecules of the substance and thus change
it from a solid to a liquid or-from a liquid toa
gas. In other words, the addition of heat toa
substance that is in process of changing from
solid to liquid or from liquid to gas results in
an increase in the amount of internal potential

7ln thermodynamics, the physical state of a substance

(solid, liquid, or gas) is usually described by the term
phase, while the term state is used to describe the
substance with respect to all of its properties--phase,
pressure, temperature, specific volume, and so forth.
Thus the phase of a substance may be considered as
merely one of the several properties that fixthe state
of the substance. While the precision of this usage
has some obvious advantages, it is notin standard use
among engin In this text, therefore, the term
%&iod state (or sometimes state) 18 used to denote

molecular condition of asubstance that determines
whether the substance is a solid, a liquid, or a gas.

energy stored in the substance, but it does not
result in an increase in the amount of internal
kinetic energy. Only after the change of state
has been fully accomplished does the addition of
heat result in a change in the amount of internal
kinetic energy stored in the substance; hence,
there is no temperature change until after the
change of state is complete.

In a sense, we may think of latent heat as
the energy price that must be paid for a change
of state from solid to liquid or from liquid to
gas. But the energy is not lost; rather, itis
stored in the substance as internal potential
energy. The energy price is ‘‘repaid,’”’ so to
speak, when the substance changes back from
gas to ligquid or from liquid to solid; during
these changes of state, the substance gives off
heat without any change in temperature.

The amount of latent heat required to cause
a change of state—or, on the other hand, the
amount of latent heat given off during a change

of state=varies according to the pressure under

which the process takes place. For example, it
takes about 970 Btu to change 1 pound of water
to steam at atmospheric pressure (14,7 psia)
but it takes only 62 Btu to change 1 pound of
water to steam at 3200 psia.

Figure 8-2 shows the relationship between
sensible heat and latent heat for oae substance,
water, at atmospheric pressure.® If we start
with 1 pound of ice at 0°F, we must add 16 Btu

. to raise the temperature of the ice to 32°F. We

call this adding sensible heat. To change the

pound of ice at 32°F to a pound of water at 32°F,
we must add 144 Btu (the latent heat of fusion),
There will be no change in temperature while
the ice is melting. After all the ice has melted,
however, the temperature of the water will be
raised as additional heat is supplied. Again, we
are adding sensible heat. If we add 180 Btu—
that is, 1 Btu for each degree of temperature
between 32°F and 212°F-the temperature of the
water will be raised to the boiling point. To
change the pound of water at 212°F to a pound
of steam at 212°F, we must add 970 Btu (the
latent heat of vaporization). After all the water
has been converted to steam, the addition of
more heat will cause an increase in the tem-
perature of the steam. If we add 42 Btu to the

8'l‘he same kind of chart could be drawn up for other
substances, but different amounts of thermal energy
would of course be required for each change of tem-
perature or of physical state. .
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pound of steam which is at 212°F, we can super-
heat? it to 300°F.

The same relationships apply when heat is
being removed. The removal of 42 Btu from the
pound of steam which is at 300°F will cause
the temperature to drop to 212°F, As the pound
of steam at 212°F changes to a pound of water
at 212°F, 970 Btu are given off. When a gas or
vapor is changing to a liquid, we usually use the
term latent heat of condensation; numerically,
of course, the latent heat of condensation is
exactly the same as the latent heat of vaporiza-
tion. The removal of another 180 Btu will lower
the temperature of the pound of water from 212°F
to 32°F. As the pound of water at 32°F changes
to a pound of ice at 32°F, 144 Btu are given off
without any accompanying change in tempera-
ture. Further removal of heat causes the iem-
perature of the ice to decrease.

Heat Transfer Apparatus

Any device or apparatus designed to allow
the flow of thermal energy from one fluid to
another is called a heat exchanger. The ship-
board engineering plant contains an enormous
number and variety of heat exchangers, ranging
from large items such as boilers and maincon-
densers to relatively small items such as fuel
oil heaters and lubricating oil coolers.

As a basis for understanding something about
heat transfer in real heat exchangers, it isnec-
essary to visualize the general configuration of
the most commonly used type ofheat exchanger.
With few exceptions,10 heat exchangers used
aboard ship are of the indirect orsurfacetype—
that is, heat flows from one fluid to another
through some kind of tube, plate, or other ‘‘sur-
face’’ that separates the two fluids and keeps
them from mixing. Most surfaceheat exchangers

%A vapor or gas is said to be superheated when its
temperature has been raised above the temperature
of the liquid from which ths vapor or gas is being
generated. As may be inferred from the discussion,
it is impossible to superheat a vapor or gas as long
as it is in contact with the liquid from which it is being

A notable exception is the deaerating feed tank,
discussed in chapter 13 of this text. Deaerating feed
tanks are basically described as direct-contagt heat
exchangers, rather than surface heat exc érs, be-
cause heat transfer i{s accomplished by the actual
mixing of the hotter and the colder fluids.
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are of the shell-and-tube types, consisting of a
bundle of metal tubes that fit inside a shell.
One fluid flows through the inside of the tubes
and the other flows through the shell, around
the outside of the tubes.

The exchanges of thermal energy that take
place in even a simple heat exchanger arereally
quite complex. The processes of conduction,
radiation, and convection are involved inpracti-
cally all heat exchangers, Processes involving
latent heat—that is, the processes of evapora-
tion, condensation, melting, and solidification—
may contribute to the heat transfer problem. In
all cases, heat transfer is affected by physical
properties of the fluids which are exchanging
thermal energy and by physical properties of the
metal through which the change is being ef-
fected. The temperature differences involved,
the extent and nature of the fluid films, the
thickness and nature of the metals throughwhich
heat transfer takes place, the length and area
of the path of heat flow, the types of surfaces
involved, the velocity of flow, and other factors
also determine the amount of heat transferred
in any heat exchanger.

Because heat transfer is such a complex
phenomenon, heat transfer calculations arennec-
essarily complex. For some purposes, heat

transfer problems are simplified by the use of -

an overall coefficient of heat transfer (U) which
may be determined experimentally for any
specific set of conditions. Tabuluted values of
U are available for various kinds of heat ex-
changer metal tubes, for building materials, and
for other materials; in most cases the values of
U are approximate, since various conditions
such as temperature, velocity of flow, condition
of the heat transfer surfaces, and the physical
properties of the fluids have a profound effect
upon the amount of heat transferred.

The transfer of heat in a heat exchanger
involves the flow of heat from the hot fluid to
the tube metal and from the tube metal to the
cold fluil In addition, heat must also be trans-
ferred tarough two layers of fluid (one on the
inside and one on the outside of the tube) which
are not flowing with the remainder of the fluid
but are almost motionless. These relatively
stagnant layers, known as boundary layers or
fluid films, are extremely small in size but
have an extremely important effect on heat
transfer.

As previously noted, most fluids are very
poor transferrers of heat. As a fluid is flowing,
however, convection and mechanical mixing of
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Figure 8-2.—Relationship between sensible heat and latent heat for water at atmospheric pressure,

4

the fluid bring the molecules into such intimate
contact that heat transfer can and does occur,
Other things being equal, lncreaalngt{ne velocity
of fluid flow increases heat transfer.ll

Since the fluid film is almost motionless,

heat transfer through the film is very poor. The
effect of fluid films on heat transfer is shown in
tigure 8-3. The temperature line indicates the
changes in temperature that occur as heat is
transferred from the hot fluid to the fluid film,

114 is important here to maintain the distinction,
previously established, between heat and temperature,
Increasing the-velocity of flow l'n_o?eues'ae amount
of heat that is transferred, but decreasingthe velocity

38.1

from this fluid film to the tube metal, from the

tube metal to the other fluid film, and from this -

fluid film to the cold fluid, As may be seen, the
major part of the temperaturedrop occurs inthe
fluid films rather than in the tube metal. Note,

. also, that the thicker fluidfilm is moreresistant

increases the temperature of the fluid, This fact is of .

considerable practical importance in the design and

operation of heat exchangers..In a heat e;;ohanger

designed for high velocity flow, stagnation of the flow

is likely to cause severe oveérheating of the heat ex-

ohanger metal,
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to heat transfer than the thinner fluidfilm.

The velocity of flow and the amount of tur-
bulence in the flow affect heat transfer by alter-
ing the thickness of the fluidfilm. Increasingthe
velocity of flow diminishes the thickness of the
fluid film and thus. increases heat transfer,
Turbulent flow breaks up the fluid film and thus
increases heat transfer, Althoughthereare some
obvious disadvantages to excessive turbulence,
many heat exchangers are designed to opexate
with a certain amount of turbulence 8o that the
fluid filins will be kept to a minimum,

In real heat exchangers, the accumulation of
deposits of scale, soot, or dirt on the inside or
the outside of the tubes has a profound and .
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Figure 8-3.—Effect of fluidfilm on heat transfer.

detrimental effect upon heat transfer. Such de-
posits not only reduce the efficiency of the heat
exchanger but also tend to cause overheating of
the tube metal, ,

In surface heat exchangers, the components
may be arranged so as to provide parallel flow,
counter flow, or cross flow of the two fluids. In
parallel flow (fig. 8-4) both fluids flow in the

—— GECOND FLUID
SECOND FLUID

OO T EHTTTyE-_-_“_-“Gs e

wo 08.30
Figure 8-4.—~Parallel flow in heat exchanger.

same direction, Parallel-flow heat exchangers
are rarely used for naval service, largely be-
cause they would require an impossibly long
heat transfer surface to achieve the required
amount of heat transfer, In counter flow (fig.
8-5) the two fluids flow in opposite directions.
Many heat exchangers used aboard ship are of
the counter-flow type. In cross flow (fig. 8-6)
one fluid flows atright angles tothe other. Cross
flow is used particularly where the purpose of
the heat exchanger is to remove latent heat and
thus change the physical state of a substance,
Main and auxiliary condensers are typically of
. the cross-flow type, as are several other small-
- er shipboard condensers.

Surface heat exchangers are referred to as
single-pass units, if each fluid passes the other
only once, or as multipass units, if one fluid
passes the other more than once, Multipass flow
may be obtained by the arrangement of the tubes
and of the fluid inlets and outlets, or it may be
obtained by using baffles to guide a fluid so that
it passes the other fluid more than once before
it leaves the heat exchanger.

THE FIRST LAW OF THERMODYNAMICS

In the previous discussion of energy, we have
occasionally assumed a general principle which
must now be stated. This principle is called the
principle of the conservation of energy. The
principle may be stated in several ways, Most
commonly, perhaps, it is stated as energy can
be neither destroyed nor created, but only
transformed, Another statement is that energy
may be transformed from one form to another,

but the total energy of any body or system of
bodies is a quantity that can neither be increased
nor diminished by the action of the body or bod-
ies. Still another way of stating this principle is
by saying that the total quantity of energy in the

' SECOND FLUID

— FIRST FLUD
/7777722807727
' SECOND FLUID

. ’ 98.31
Figure 8-5.—Counter flow in heat exchanger.
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MECHANICAL ENERGY

Energy associated with a system composed
of relatively large bodies is called mechanical

1688

- .. -l62

2Mthough all forms of e:..rgy may be store/1a= poten=
tial energy or as kinetic vaergy, theseterir.sr: fer, in
common usage, to mechanical potential -anergy and
mechanical kinetic energy, un's<3 3,me othey formof
energy (thermal, chemical, etc.) i specified,
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universe is always the Same. Regardless of the
mode of expression, the principle of the conse{-
vation of energy applies to all kinds of energy,12
Energy equations for many thermodynamic
processes are based directly upon the principle
of the conservation of energy, When the prin-
ciple of the conservation of energy is written in
equation form, it is known as the eneral ener
equation and is expressed as:

énergy in = energy out

or, in more detail, it may be stated that the
energy entering a system equals the energy
leaving the system Plus any accumulation and
minus any dimunition in the amount of energy
Stored within the 8ysteni,

The tirst law of thermodynamlcs, a special
Statement of the principle of the conservation
of energy, deals with the transformation of

law is commonly stated as follows: Thermal
energy and mechanical enerlgz are mutuau¥
convertible, in the ratio of foot-pounds to
Bt L]

" The ratio of conversion between mechanical
energy and thermal energy is known as the
mechanical equivalent of heat, or Joule’s equiva-

lent, It is Symbolized by the letter J and, in

12The prineiple of the conservation of energy and the
principle of the conservation of mass have been basic
to the development of modern science, Until the estab-
lishment of the theory of relativity, with its implica-

matter into energy, Even in the familiar process of

mass, the principle of the conservation of efiergy may
still be re 8Separately as the cornerstone of the
science of thermodynamiosg, Machinery designed under
this principle alone still functions in an orderly and
prediotable fashion, '

accordance with the first law of thermodynam-
ics, it is expresseqd as

or

us, directly or by extension, with a number of
useful numerical values relating to heat, work,
and power, Some of the most widely used values . f
are given here; others may be obtained from
engineering handbooks and Similar publications,

written in equation form as

where

In spite of the mutual convertibility of epergy a.mi
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Figure 8-8.—~Cross flow in heat exchange.,

J = 778 {t-1b per Btu
778 ft-lb
T T

The mechanical equivaleat of heat provides

1 Btu = 778 ft-1b :

1 hp = 33,000 ft-1b per min =
550 ft-1b per sec

1 kw=1,341 hp

1 hp = 2545 Btu per hr =

: 42,42 Btu per min

1 kw = 3413 Btu per hr

1 kw = 44,258 ft-1b per min

1 hp-hr = 2545 Bty

1 kw-hr = 3413 Bty

The first law of thermodynamics is often

Uz—UlsQ—W

Ul » internal energy of a system at the be-
ginning of a process

Uz = internal energy of the systemat the ex{d
of the Process .

Q = net heat flowing into the system during
the process ‘

W net work done by the system during the
 process : -
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Chapter 8—=INTRODUCTION TO THERMODYNAMICS

Another common statement of the first law
of thermodynamics is that a_perpetual motion
machine of the first class is impossible. To
understand the significance of this statement, it
is necessary to understand the classification of
perpetual motion machines. Although no per-
petual motion machine exists—or, indeed, has
ever been constructed—it is possible toconceive
of three different categories. Aperpetual motion
machine of the first class is one which would put
out more energy in the form of work than it ab-
sorbed in the form of heat. Since sucha machine
would actually create energy, it would violate
the first law of thermodynamics and theprinciple
of the conservationof energy. A perpetual motion
machine of the second class would permit the
reversal of irreversible processes and would
thus violate the second law of thermodynamics,
as discussed presently. A machine of the third
class would be one in which absolutely no fric-
tion existed. Interestingly enough, there are no
theoretical grounds for declaring thatamachine
of the third class is completely impossible; how=

' ever, such a machine would be entirely contrary

to our experience and would violate some of our
profoundest coavictions about the nature of
energy and matter. :

THERMODYNAMIC SYSTEMS

A thermodynamic system may be defined as
a2 bounded regicn which contains matter. The
boundaries may be fixed or they may vary in
shape, form, and location. The matter within a
system may be matter in any form-solid,
liquid, or gas—or in some combinationof forms.
For some purposes, devices such as engiues,
pumps, boilers, and so fortl. may be regarded
as being matter included within a thermodynamic
system; for other purposes, each such device
may be considered as 2 system in itself. A
thermodynamic system may be entirely real,
entirely imaginary, or a mixture of real and
imaginary. A thermodynamic system may be
capable of exchanging energy, in the form of

- heat and/or work, with its environs; or it may

be an isolated system. in which casenohest can
flow to or from the system and no work can be
done on or by the system.

‘If a thermodynamic system appears‘"to bea
flexible thing, consider the further statement that
“ . .asystem may be said to be whatever one
is talking about, and its environs are everything

M3
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else.”’13 Such flexibility of definition is entirely
reasonable for most purposes. When we must
account for energy, however, we will find it
necessary to rigidly define and limit the sys-
tem or systems under consideration. It is in
terms of energy accounting, then, that the con-
cept of a thermodynamic system is mostuseful.
A thermodynamic system requires a worke-
ing substance to receive, store, transport, and
deliver energy. In most systems, the workin
substance is a fluld—liquid, vapor, or gas.l
The state of a thermodynamic system is speci-
fied by giving the values of two or more prop-
erties. These properties, which are called state
variables or thermodynamic coordinates, in-
clude such common properties as pressure,
temperature, volume, and mass, as well as
more complex properties such as enthalpy and
entropy (discussed later). Although some sys-
tems are adequately described by givingthe value
of only two variables, many systems require the
specification of three or more variables.

THERMODYNAMIC PROCESSES

A thermodynamic process may be defined as
any physical occurrence during which an effect
is produced by the transformation or redistri-
buticn of energy. The occurrence of a thermo-
dynamic process is evidenced by changes in some
or all of the state variables of the system. The
processes of most interest in engineering are
those involving heat and work.

In connection with any process, it is usually
necessary to consider the physical character of
the process; the manner in which energy is
transformed or redistributed as the process
takes place; the kind and amount of energy that
is stored in the system before and after the
process, and the location of such energy; and the
changes which are brought about in the system

13Kiefer. Kinney, and Stuart, Prlnclales of Engineer~
ing Thermod ics, 2nd ed,, Jo ey ns, New
QO%E. 1554 ig. %).

14Some writers use the term gasto indicatea gaseous
substance that can be liquefied only by very large
changes in pressure or temperature, reserving the
term yvapor for a gaseous substance that can be liqui~
fied more easily, by slight changes of pressure or
tumperature, Other writers define a vapor as a gas

which is in equilibrium with its liquid. For a grcat -

many putposas, the properties of a vapor are essen=-
tially the same as the properties of real gases; hence
_the distinction is not always important. »
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as the result of the process, It is also necessary
to consider the energy exchanges that occur
between the system and its surroundings during
the process, since such energy exchanges will
have an effect on the final state of the system.,

The lifting of an object—as, for example, the
lifting of a rock from the base of a cliff to the
top of the cliff—is a simple example ofa process
involving work against gravity. Before the proc-
ess begins, the energy which will be requiredto
lift therock is stored in some form in some other
energy system. While the process is occurring,
energy in the form of work flows from the ex-

" ternal system to the earth-rock system. At the

end of the process, the energy is stored in the
earth-rock system in the form of mechanical
potential energy. The change which has been
brought about by this process is manifested by
the separation of the rock and the earth,

Now suppose we push the rock off the top of
the cliff and allow it to fall freely toward the
base of the cliff. Disregarding the push (which
is actually an input of energyfrom some external
system), the process which now takesplace is an
example of work done by gravity. The work done
by gravity converts the mechanical potential
energy of the system into mechanical kinetic
energy. Thus it is clear that energy in transi-
tion—work, in this case—begins and ends as
stored energy.

When the rock hits the earth, other processes
occur, Some work will be expended in compress-
ing the earth upon whichtherock falls, and some
energy will then be stored as internal kinetic
energy in the rock and inthe earth. The increase
in' internal kinetic energy will be manifested by

a rise in the temperature of the rock and of the -

earth, and still another process will then take
place as heat flows from the rock and from the
earth. Some energy may also be stored as in-
ternal potential -energy 'because of molecular -
displacements in the rock and the earth,

The compression of a spring provides an

. example of a process involving elastic defor-

mation, ‘As - force -is . applied to compress ‘the
spring,..work is done. The major effect” of the
energy thus supplied as work is to decrease the’
distance between - m,olecules in.the spring, thus

_ ._lncreaslng the -amount: of.  internal potentlal

. ~energy: stored in the: sprlng.p It we. suddenly _
. release the: sprlng, the stored-internal potentlal

e 7 - point;-¥esult:in a-further rise in temperature.

" 1.’ Because of the. enormous, number and variety

of: ‘processes that may. occur, .some, baslc clas..

“-gification; ot process es lnvolvtng heat and, work ls

energy' is suddenly release'd d the sprl

O ' a8, for. example, a"'
e propeller shaft of a. shlp-ls another. example of

a process involving elastic deformation. Suppose
that a strong twisting force is applied to a shaft
at rest, The first part of this process will cause
an elastic deformation of the shaft, The distance
between molecules in the shaft is changed, and
there is a storage of internal potential energy
before the shaft begins to turn. When the applied
force becomes great enough to turn the shaft,
there will also be a storage of mechanical kinetic
energy. As long as the applied force remains
constant and the shaft. continues to turn, these
stored forms of energy will remain stored in
unchanging amount. Meanwhile, a great deal of
mechanical energy in transition (work) will
continuously - flow through the shaft to some
other system, .

When a solid body is dragged across arough
horizontal surface, the process is one of work
Aagainst friction. The work done in moving the
object will be equal to the force required to
overcome the friction multiplied by the distance
through which the object is moved, In this proc-
ess, the energy supplied as work istransformed

- very largely into internal kinetic energy, as evi-

denced by an increase in temperature, Some of
the energy may be.transformed into internal
potential energy because of molecular displace-
ments in the object andinthe surface over which
it is being moved.

A propeller rotating in water is an example
of a process in which work causes fluid turbu-
lence. The first effect of the movement of the
propeller is. to impart various motions to the
water, ‘thus causing turbulence. For a short
time this movement of the water represents
mechanical kinetic energy, but the energy is
rapidly transformed intointernal kinetic energy,
as evidenced by a rise in the temperature of the
water,

The addltlon of thermal energy to a plece of
metal is-a simple example of a process involv-
ing heat, As the metal is heated, the temperature
rises, indicating-a storage wlthln the metal of
internal kinetic energy. Also, the metal expands;
thus.we know that some part_of the energy de-
livered ‘as- heat is transformed into work as the

' metal éxpands against the resistance of its sur-

roundings."If we continue heatingdfihe metaltoits |
melting ‘point, we “will note a process in which

* the flow of ‘heat results in achange in the physi-

cal state of. the substance but does not, at this
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desirable. We will consider first a classification
of processes according to the type of flow and
then consider a classification according to the
type of state change, Discussion of processes as
“reversible’’ or ‘‘irreversible’’ isreservedfor
a later section.

Type of Flow

When classified according to type of flow of
the working fluid, thermodynamic processes may
be considered under the general headings of (1)
non-flow processes, and (2) steady-flow proc-
esses, i

A non-flow process is one in whichthe work-
ing fluid does not flow intoor out of its container
in the course of the process. The same molecules
of the working fluid that were present atthe be-
ginning -of the process are therefore present at
the end of the process. Non-flow processes occur
in reciprocating steam engines, air compres-
sors, internal combustion engines, and other
kinds of machinery. Since aplston-and-cyllnder
arrangement is typical of most non-flow proc-
esses, let us examine a non-flow-process such

~:] as might oceur in the cylinder shown in figure .
1 817,

Suppose that we move the cylinder from
position 1 to position 2, thereby compressing

the fluid contained in the cylinder above the .

piston. Suppose, further, that we imagine this
tobe a eompletely ideal process, and one which

i TH

is thus entirely without friction. The aspects
of this process that we might want toknow about
are (1) the heat added or removed in the course
of the process; (2) the work done onthe working
fluid or by the working fluid; and (3) the net
change in the internal energy of the working
substance.

From the general energy equation, we know
that energy in must equal energy out, For the
non-flow process, the general energy equation
may be written as

where

Q12 = total heat transferred, in Btu (positive if.
heat is added during process, negative if
heat is removed during process)

U =total internal energy, in Btu, at state 1

' Uy = total internal energy, in Btuy, at state 2 -

U2 - Ul = net change in intérnal energy from
state 1 to state 2

“’1‘12 = work done between state 1 and state 2,
in ft-1b (positive if work is done by the
working substance, negative if work is
done on the working substance)

J = the mechanical equlvalent of heat, 778 ft-lb .
. per Btu

= total work done by or on the working -
J  °  substance, in Btu (positive if workis

' done by the substance, negative if
work ls done on the substance)

This equation. deals wlth total heat, total

. work, and total. internal energy. y. I it ls more
- convenient to" make calculatlons in terms of 1

._pound of the worklng substance, we would wrlte
the equatlon as- ) .

b ot AT 5 U
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solve the__ég;j:g’_t_lqnid_r wklz rathen{than for
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noted above but refer to the values for 1 pound
of the working substance rather than to the
values for the total quantity of the working sub-
stance. In both equations, it should be noted
that the subscripts 1 and 2 refer toa separation
in time rather than to a 8eparation in space.

EXAMPLE: Four pounds of working sub-
stance are compressed in the cylinder shown
in figure 8-7. The process is accomplished
without the "addition or removal of any heat but
with a net increase in total internal energy of
120 Btu. Find the work done on or by the work-
ing substance, in Btu Per pound and in foot-
pounds per pound,

SOLUTION: First arrange the equation tofit
the problem, as follows:

wk
12
7. = Wy-u)+q,

Since no heat is added or removed, qyo= 0.
Since Uy - Uy, or the net increase in total in-
ternal energy, is equal to 120 Btu,-ad since we

are dealing with 4 pounds of the working sub-

120 '

stance, Uy =y = —— = 30 Btu per po{md.

4

The work done on or by the work.lng sub-’
stance, in Btu per pound, is given by the ex-

wklz
J

pression . Thus,

vk '
T-=(-—30)+OBtuperlb

= — 30 Btu per 1b

The answer is negative, indicating that the
work is done. on the working. substance rather
than by the working substance, ~ . =

.To find the work done on the working sub-

| processes, some of these couditions are not

tance ‘in foot-pounds per pound, we merely
12°
g -:._.'..'-

. based on'the

-Again, the negative answer indicates that
work is done on the working substance rather ;
than by the working substance.

A steady-flow process is one in which a
working substance flows steadily and uniformly
through some device, Boilers, turbines, con-
densers, centrifugal pumps, blowers, and many
other actual machines are designed for steady-
flow processes. In an ideal steady-flowprocess,
the following conditions exist:

1, The properties—pressure, temperature,
specific volume, etc.—of the working fluid re-
main constant at any particular cross section
in the flow system, although the properties ob- |
viously must change as the fluid proceeds from
section to section,

2. The average velocity of the working fluid
remains constant at any selected cross section
in the flow system, although it may change as
the fluid proceeds from section to section,

3. The system is always completely filled
with the working fluid, and the total weight of
the fluid in the system remains constant, Thus,
for each pound of working fluid that enters the
system during a given period of time, there is
a discharge of 1 pound of fluid during the same
period of time.

4. The net rate of heat transfer andthe work
performed on or by the working fluid remain
constant, _

In actual machinery designedfor steady-flow

entirely satisfied at certaintimes. For example,
a steady-flow machine such as a boiler or a
turbine is not actually going through a steady-
flow ‘process until the warming-up period is
over and the machine has settled down tosteady
operation. For most practical purposes, minor
fluctuations of properties and velocities caused |
by load variations. do not invalidate the use of

stegdy-now_concepts. In fact, even suchpiston- :
and-cylinder devices as air ‘compressors and; -
reciprocating steam engines may be considered | -
as steady-flow machines” if thére are enough

cylinders or if some other arrangement is used | -
- to .smooth out the flow 80 that it is essentially ) -
.- uniform at the inlet and the outlet, : -

lons for steady-flow processes are
neral ‘energy . equation—that is,
'qual- energy ‘out; - Steady-flow

The equat
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processes are (1) internal energy, (2) heat, (3)
mechanical potential energy, (4) mechanical
kinetic energy, (5) work, and (6) flow work.

The first five of these energy terms are
familiar, but the last one may be new. Flow
work, sometimes called displacement energy, gy, is
the mechanlcal energy necessary to maintain
the steady flow of a stream of fluid. The numeri-
cal value of flow work may be calculated by
finding the product of the absolute pressure (in
pounds per square feet) and the volume of the
fluid (in cubic feet). Thus,

flow work = pV ft~1b

-or, more conveniently, using specific volume

——

13

rather than total volume,
flow work = pv ft-1b per Jb

The product pv will, of course, have a nu-
merical value even when there is no flow of
fluid. However, this value represents flow work
only when there is a steady, continuous flow of
fluid. Flow work may also be expressed in
terms of Btu per pound, as

flow work = _ng_ Btu per 1b

As mentioned before, the steady-flow equa~
tions take various forms, depending upon the

‘nature of the process under consideration, How-

ever, the terms for internal energy and flow

{ work almost invariably appear in any steady-

flow process. For convenience, this combination
of internal energy and flow work has been
given a name, a symbol, and units of measure-
ment. The name is enthalpy (accent on second
syllable). The symbol is H for total enthalpy

or h for specific enthalpy—that is, enthalpy per
: pound Total enthalpy, H, may be measured in
Btu. or .in foot-pounds, Spectflc enthalpy . (en-
.thalpy per pound), h, may be measured in Btu
per pound or: in: -foot-pounds ‘per pound. The
1 enthalpy equatlon may be written as

V = total volume, in cubic feet
J = the mechanical equlvalent of heat, 778
ft-1b per Btu

Since it is frequently more convenient in
thermodynamics to make calculations in terms
of 1 pound of the working substance, we should
note also the equation for specific enthalpy:

h='u+-% Btuper lb

here h, u, andy are specific enthalpy, specific

internal energy, and specific volume, respec-
tively. When it is desired to calculate enthalpy
in foot-pounds, rather than in Btu, it is only
necessary to drop the J from the equations.

" The terms heat content and total heat are
sometimes used to describe this property which
we have designated as enthalpy. However, the
terms heat content and total heattendtobe mis-
leading because the change in enthalpy of a work-

" ing fluid does not always measure the amount of

energy transferred as heat, norisit necessarily
caused by the transfer of energy in the form of
heat. Also, the transferred energy that causes
a change in enthalpy is not entirely ‘‘contained’’
in the working fluid, as the terms heat content
and total heat tend to imply; althoughthe internal

energy, 4, ‘gy, u, 18 stored in the working fluid, the pv.

cannot ln any way be consldered as “contalned”
in the fluid. .

Type of State Change

Thus far we have considered processes class-

ified as non-flow or steady-flow. The nature of -

the state changes undergone by a working fluid
provides us with another useful way of classify-
ing processes. The terms used to identify cer-
tain common types of state changes are defined
brleny in the following paragraphs.

ISOBARIC STATE CHANGES.-An isobaric
state change is one ‘in ‘which the pressure of and
on the working- fluid i constant throughout the
cliange. In other words; an- isobaric change is a
constant-pressure. change. -Isobaric changes oc-
cur insome plston-and-cyllnder devices in which

. the pleton operates in such afashlonaeto main- -
. -taln a constant pressure. -Isobaric state changes
: . typ al’ of o‘st steady-now processes,_

te
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An isobaric state change involves changes of ADIABATICSTATE CHANGES.—An adiabatic
enthalpy. One equation which has frequent appli- - state change is one which occurs in such a way
cation to isobaric state changes is written as  that there is no transfer of heat to or from the

system while the process is occurring. Inmany

(qlz) = h2 —h1 real processes, adiabatic changes are produced

p by performing the process rapidly. Since heat

where transfer is relatively slow, any rapidly per-
formed process can approach being adiabatic.

(qlz) = heat transferred between stateland Compression and expansionof working fluids are

P~ gtate 2, with subscript p indicating  frequently achieved adiabatically. For an adia-

- constant pressure - batic process, the energy equation may be written

» as .

hl = enthalpy of working fluid at state 1
Upy=U, =W
2 1=

h2 « enthalpy of working fluid at state 2
where

ISOMETRIC STATE CHANGES. — A state '

change 15 said to be isometric when the volume Uy = L‘:;‘::"f‘ energy of working fluid at
(and the specific volume) of the working fluid is

maintained constant. In other words, anisomet-

ric change isa constant-volume change, Isomet- Up= ‘s"t:i:"zal energy of working fluid at
ric changes involve changes in internal energy, . .

in accordance with the equation w - work performed on or by the work-

. ing fluid
qy = Up—Yy

where In words, we may say that the net change of

: internal energy is equal to the work performed
in an adiabatic process., The work term may be
either positive or negative, depending upon
whether work is done on the working substance,
as in compression, or by the working substance,
as in expansion,

q, = heat transferred, with subscript ¥
indicating constant volume

u = si)ecmc internal energy of working '
substance at state 1 :
Yy = specific internal energy of working THERMODYNAMIC CYCLES

.’“b’““,“"e at s@te & A thermodynamtic cycle is a recurring series

, " of thermodynamic processes through which an
~ ISOTHERMAL STATE CHANGES.—An iso- effect is produced by the transformation or re-
thermal change is one in which the temperature distribution of energy. In other words, a cycle
of the working fluid remains constant throughout is a series of processes repeated over and over
the change. o : o again in the same order. '

' o o " All thermodynamic cycles may be classified
. ,ISENTHALPIC_'_S’,I’ATEvC_HANGl_E;S.—Whenthe as being open cycles or closed cycles. An open
‘enthalpy of the working fluid does not change cycle is one in which the working fluid is taken
duricg the process, ‘the change is saidtobe isen- in, used, and then discarded. A closed cycle is
thalpic, . Throttling processes arebasicallyisen- .  one in’ which the working fluid never leaves the
thalpic—that 18, h,. = hg.' . L ~_cycle, except through accidental leakage; in-
i T R stead, the working fluid. undergoes a series of

OPIC. STATE CHANGES; ~An. isen- processes, which:are of such:a nature that the
té; chiange.: 18 ‘one.in which there i8 0o - fluid s réturned periodically to its initial state

1 the property known; as entropy, The .
i rply ntrople Atate’

"’ ISENTRO]
* trople s

SRy

. entrop
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the exhaust products are returned to the atmos-
phere. In fact, another way to describe an open
cycle is to say that it is one which includes the
atmosphere at some point,

The closed cycle is exemplified by the con-
densing steam power plant used for ship pro-
pulsion on many naval ships. Insucha cycle, the
working substance (water) is changed tosteam in
the boflers. The steam performs work as it ex-
pands through the turbines, and is then condensed
to water again In the condenser, The water is
returned to the bollers as boiler feed, and is
thus used over and over again.

Thermodynamic cycles are also classified _

as heated-engine cycles or as unheated-engine
cycles, depending upon the point in the cycle at
which heat is added tothe working substance.l

In a heated-engine cycle, heat is added to the
working substance in the engine itself, An in-
ternal combustion engine has a heated-engine
cycle. In an unheated-engine cycle, the working

substance receives heat in some device which -

is separate from the engine. The condensing

steam power plant has anunheated-engine cycle,

since the working substance is heated separately

in the boilers andthenpiped tothe engines (steam

turbines).

There are five basic elements in any thermo-
i dynamic cycle: (1) the working substance, (2) the

! engine, (3) a heat source, or high-temperature

.+ region, (4) a heat receiver, or low-temperature
+ region, and (5) a pump.

The working substance is the medium by
which energy is carried through the cycle. The
engine is the device which converts the thermal
energy of the working substance into uaeful me-

chanical energy in the form'of work, The heat

source supplies heat to the working substance.
The heat receiver absorbs heat from the working
substance. The pump moves the working sub-
stance from the low pressure side of the cycle
to the high pressure side.

The essential elements of a closed, unheated-
enigine cycle are shown 'in figure 8-8, This is
the basic plan of the typical coudenslng steam
power plant.

15The terms heated engine and ated em should

| - heat’ englne. Thus, hoth internal:ocom

. englne oycle. o

; .not be: ‘confused with the term heat e o Ay ma="
/B chine which is. designed to conve rmal energy to:
mechanical energy in the form Tk 18 known as a. -

. When we::open the; valve on a.cylinder of com-
: preesed alr, we: expect compreeeed air to rush
out; we:would:be quite’ surprlsed if. atmospheric
L alr ruehed lnto the cyllnder and compreseed

n engiriés
and stéam turbines are heat engines; it the first has -
a hbated-englne cycle and the eeoond hu nnunheated- v

SE
2

. A UNHEATED
o ENGINE
R

. HEAT
RECEIVER

. 147.62
Figure 8-8.—Essential elements of closed,
unheated-engine cycle.

In an open, heated-engine cycle such as that

‘of an internal combustion engine, the essential

elements are all present but are arranged in a
somewhat different order. In this type of cycle,
atmospheric air and fuel are beth drawn into the
cylinder of the engine. Combustion takes place
in the cylinder, either by compression or by
spark, and the resulting internal energy c!f the

- working substance is transformed into work by

which the piston is moved. Since the space above

~ the piston is a highpressurearea when the piston

is near the top of its stroke and a low pressure
area when the pieton is near the bottom, the
piston may be thought of as a pump in the sense
that it ‘‘pumps’’ the worklng fluid from the low
pressure to the highpressure side of the system.
Thus, in terms of function, the piston-and-
cyllnder arrangement may be thought of as in-
cluding the heat sovrce, the engine, and the pump.
An open, heated-engine cycle might therefore be

"represented as shown ln figure 8-9. /

'THE CONCEPT OF REVERSIBILITY

- When we put a pan of water on the stove and
turn on the:heat, we. expect the.water to boil
rather- than to. freeze. After we have mixed hot

“and-cold: water, we. do. not. .expect the resultlng

mixture. to-. resolve lteelL into two -separate
batches" of. water at: two dllferent temperatures.

il e e mmnn
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UMP
TON)

147.63
Figure 8-9.—Essential elements of open,
heated-engine cycle, '

itself. When a shaft isrotating, we expecta tem-
perature rise in the bearings; when the shaft has
been stopped, we would be truly amazed to ob-
serve internal energy from the bearings flowing
to the shaft and causing it to start rotating again.
When we drag a block of wood across a rough
surface, we expect some of the mechanical energy
expended in this act to be converted into thermal
energy~that is, we expect a storage of internal
energy in the wooden block and the roughsurface,
as evidenced by temperature rises in these ma-
terials. But if this stored internal energy should
suddenly turn to and-move the wooden blockback
to its original position, our incredulity would
know no bounds. '

All ‘of which merely goes to show that we have
certain expectations, based ou experience, asto
the direction in which processes will move. The
reasonableness of our expectations is attested by
the fact that in all recorded history there is no
. report of water freezing instead of boiling when
heat is applied; there I8 no reportofa lukewarm
fluid unmixing itself and separating into hot and
cold fluids; there is noreport of a gas compress-
ing itself without the agency of some external
force; there is. no report of the heat,of friction

being spontaneously utilized to perfo Th mechan=

- ical work. : .

- Are’these actions really impossible? The
first law of thermodynamics says that mechanical

- Planck,  Treatise “on - Thermod

energy and thermal energy are mutually con-
vertible, but it says nothing about the direction
of -such conversions, If we consider only the first
law, all the improbable actions just mentioned
are perfectly possible and all processes could be

- thought of as being reversible, In an absolute

sense, perhaps, we cannot guarantee that water
will never freeze instead of boil when it is placed
on a hot stove; but weare certainly safe in saying
that this or any other completely reversible
thermodynamic process is at the outer limits of
probability. For all practical purposes, then,
we will say that there is nosuchthing as a com-
pletely reversible process.

Nevertheless, the concept of reversibility is
extremely useful in evaluating real thermody-
namic processes, At this point, therefore, let us
define a reversible thermodynamic process as
one which would have the following characteris-
tics: (1) the process could be made to oceur in
precisely reverse order, so thattlie energy sys-
tem and all associated systems would be re-
turned from their final condition to the conditions
that existed before the process started; and (2)
all energy that was transformed or redistributed
during the process would be returned from its
final to its original form, amount, and location,

‘THE SECOND LAW OF THERMODYNAMICS

Since the first law of thermodynamics does
not deal with the direction of thermodynamic
processes, and since experience indicates that
actual processes are not reversible, it is ap-
parent that the firstlaw must be supplemented by
some statement of principle that will limit the
direction of thermodynamic processes. The
Second law of thermodynamics is such a state-
ment. Although the second law is perhaps more
empirical than the first law, and perhaps some-
thing less of a ‘'law’’ in an absolute sense, it is !
of enormous practical value in the study of !
thermodynamics,16 ;

The second law of thermodynamics may be
stated in various ways. One statement, knownas
the Clausius statement, is that no process. is
possible where the sole result is the removal of

heat from a low temperature reservoir and the
absorption of an equal amount of heat b¥ a hllgh
temperature-:eservolr; nong o ‘ert \ings, this

187hne interested student will find anexcellent discus~
sion -of ‘the secondlaw. of thermodynamics in Max

ics, :Dover Publi=

cations, New York, 1945. (A, Ogg, trans.) : . -
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*. gtatement indicates that water will not freeze

when heat is applied. Note that the Clausius

' statement includes and goes somewhat beyond

R R AN

the common observation that heat flows only
from a hotter to a colder substance.

The statement that no process is possible
where the sole result is the removal of heat
from a single reservoir and the performance

. of an equivalent amount t of work is knovm as the

‘Kelvin-Planck statement of the second law.
Among other things, this statement says that
we cannot expect the heat of friction to reverse
itself and perform mechanical work. More
broadly, this statement indicates a certain one-
sidedness that is inherent in thermodynamic
processes, Energy in the form of work can be
converted entirely to energy in the form of heat;
but energy in the form of heat can never be
entirely converted to energy in the form of
work,

A very important inference to be drawn
from the second law ‘is that no engine, actual
or_ideal, can convert all the heat supplied to it
into work, since some heat must always be re-
jected to a receiver which is at a lower tem-

perature than the source, In other words, there
can be no heat flow without a temperature dif-

| ference and there can be no conversion to work

+ without a flow of heat. A further inference from

i this inference is sometimes givenasastatement

-; of the second law: No thermodynamic cycle can

PO ST,
PR A 2 TS AL
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'have a thermal efficlency of 100 percent.
‘ We must say, then, that the first law of

energy and with the mutual convertibility of

heat and work, while the second law limits the

direction of -thermodynamic processes and the

extent of heat-to-work energy conversions,
THE CONCEPT OF ENTROPY

" -The concept of reversibility and the second

{law of thermodynahnlce are closely related to
the concept of ‘entropy. In fact, the second law
-{may be stated as: No :process canoccurin which
B the" tmal entl‘gp

v ‘of “an :igolated - system  de-

| creases; the total entropy of an isolated system -
can theoretically remain constant:in'some re--
b verslble ideal) roceeeee'but lnalllrreveralble‘ ,

thermodynamics deals with the conservation of

temperature region to alow temperature region.
The concept of the unavailability of a certain
portion of the energy supplied as heat to any
thermodynamic system is clearly implied inthe
second law, since it is apparent that some heat
must always be rejected to a receiver which is
at a lower temperature than the source, ifthere
is to ‘be any conversion of heat to work. The
heat which must be 8o rejected is therefore
unavailable for conversioninto mechanical work.

Entropy i8 an index of the unavailability of
energy. Since heat can never be completely con-
verted into work, we may think of entropy as a
measure or an indication of how much heat
must be rejected to a low temperature receiver
if we are to utilize the rest of the heat for the
production of useful work, We may also think of
entropy as an index or measure of the reversi-
bility of a process. All real processes are
irreversible to some degree, and all real proc-
esses involve a ‘‘growth” or increase of en-
tropy. Irreversibility and entropy are closely
related; any process in which entropy has in-
creased is an irreversible prccess,

The entropy of an isolated system is at its
maximum value when the system is in a state

- of equilibrium, The concept of an absolute

minimum—that is, an absolute zero=value of
entropy is sometimes referred to as the third
law of thermodynamics (or Nernst’s law), This
principle states that the absolute zero of en-
tropy would occur at the absolute zero of tem-

perature for any pure material in the crystalline

state. By extension, therefore, it should be
possible to assign absolute values tothe entropy
of pure materials, if such absolute values were
needed. For most purposes, however, ‘we are
interested in knowing the values .of the chang%s
in entropy rather than the absolute values

entropy.. Hence an arbitrary Zzero point for

~ entropy has been established at 32° F

Entropy changes depend upon the amount of

'heat transferred to or from the worklng fluid,

upon the absolute temperature of the heat source,
and upon the absolute itemperature of the heat
receiver. Although actual entropy calculations
are complex beyond -the -scope of this text, one
equation’ is given here:to indicate the units in
which -entropy-i8s measured and-to give the

,relatlonehlp between entropy and heat and tem-
" perature, Note that this: equatlon applies -only to-
a: reverslbl’e leothermal procees in which T1 =
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where :
8) = total entropy of working fluid at state
"1, in Btu per® R

S2 = total entropy of working fluidat state
2, in Btu per°R

Q= héat supplied, in Btu

T = absolute temperature at whichproc-
ess takes place, in° R '

The fact that the total entropy of an isolated
system must always increase does not mean that
the entropy of all parts of the system must al-
ways increase, In many real processes, we find
increases in entropy in some parts of a system
and, at the same time, decreases in entropy in
other parts of the system. But the important
thing to note is that the increases in entropy are
always greater than the decreases; therefore,
the total entropy of an isolated system must al-
ways increase, ‘

Each increase in entropy is permanent. In a
universal sense, entropy can be created but it
can never be destroyed or gotten rid of, although
it may be transferred from one system to an-
other. Every natural process that occurs in the
universe increases the total entropy of the uni-
verse, and this increase in entropy is iirever-
sible. The concept of the universe eventually
‘““running down’’ might be expressed in terms of
entropy by saying that the entropy of the uni-
verse is constantly ““building up,’’ The so-called
“heat death of the universe’” is envisioned as
the ultimate result of all possible natural proc-
esses having taken place and the universe being
in total equilibrium, with entropy at the absolute
maximum. Such a statement need not imply a
total lack of energy remaining in the universe;
but any energy -that might remain would be

' completely unavailable and therefore conpletely
useless,

‘THE CARNOT PRINCIPLE
'Accordlng to- the second law of - thermo-

dynamics,. no thermodynamic cycle can have a-

- thermal efficiency of 100 percent—that is, noheat

engine - can- convert Into: wor all of the energy.

that is supplied as heat.. The questjpn now arises .
a8 to how much: heat must be.rejected, toa re- .
ceiver which is dt a lower: temperature than'the: .
source? Or, looking at it another way, what is =
- rthe maximum thermal efficiency that- could .

- The"motive"

theoretically be achieved by a heat engine oper- |
ating without friction and without any other of the
irreversible processes that must occur in all
real machines?

To answer this question, Carnot, a French
engineer, developedan imaginary and completely
reversible cycle. In the Carnot cycle, all heat
is supplied at a single high temperature and all ‘
heat that must be rejected isrejectedata single
low temperature. The cycle is fully reversible,
When proceeding in one direction, the Carnot
cycle takes in a certain amount of heat, rejects
a certain amount of heat, and puts out a certain
amount of work, When the cycle is reversed, the
quantity of work that was originally the outvut :
of the cycle is now put into the cycle; the amount
of heat that was originally taken in is now the '
amount rejected; and the amount of heat that was l‘
originally rejected is now the amount taken in,
When thus reversed, the cycle is calleda Carnot
refrigeration cycle, -

Obviously, no real machine is capable of !
such complete reversibility, but the concept of ;
the Carnot cycle is nonetheless an extremely |
useful one, By analysis of the Carnot cycle, it
can be proved that no engine, actual or ideal,
can.be more efficient than an ideal, reversible
engine operating on the ideal, reversible Carnot
¢ycle, The thermal efficiency of the Carnot cycle
is given by the equation

T ~-T
thermal efficiency= woer: ﬁpu t. .8 T r
. 8

where Tg equals the absolute temperature at
which heat flows from the source to the working
fluid and T, equals the absolute temperature at
which heat is rejected to the receiver, -
The implications of this statement are of
profound importance, since it establishes the
fact that thermg_.l efficiency depends only upon
the temperature difference between the heat :
Source and the heat receiver. Thermal efficiency
does not depend upon the properties of thework- |
ing fluid, the type of engine used in the cycle,
or: the nature ‘of the process—combusticn, nu- :
clear fission; etc.—that‘.-prOduces;the.h,eat‘_ atthe ; -
_heat ‘source.: The basic principle thus established |
by analysis'. of 'the,.;Cgrn'ot;.ﬁcyql‘e;"hl's-,j:pgned.- the
Carriot principle, and may be. stated as:follows: -
' ower ‘of héat .is-inde; endent ‘of the"
- Entity be
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WORKING SUBSTANCES

As previously noted, a thermodynamic sys-
tem requires a working substance to receive,
store, transport, and deliver energy. The work-
ing substance is almost always a fluid and is
therefore frequently referred to as the workin
fluid, Water (together with its vapor, steam) is
one of the most commonly used working fluids,
although air, ammonia, carbon dioxide, and a
wide variety of other fluids are used in certain
kinds of systems. A working substance may
change its physical state during the course of a
thermodynamic cycle or it may remain in one
state, depending upon the nature of the cycle
and the processes involved, -

To understand the behavior of working fluids,
we should have some understanding of the laws
of perfect gases, of the relationships between
liquids and their vapors, and of the ways in
which the properties of working fluids may be
represented and tabulated. These topics are
discussed in the following sections.

Laws of Perfect Gases

The relationships of the volume, the absolute
pressure, and the absolute temperature in the

" hypothetical substances known as ‘‘perfect

gases’’ were stated by the physicists Boyle and
Charles in the form of various gas laws. The
i laws thus established may be combined and
summarized in the general statement: For a
| glven_weight of any gas, the product of the

absolute pressure and the volume: divided % v
the e temperature, isa c . Or,

equation form, C-

" p = absolute pressure
V= total volume :
Ts= absolute temperature
Rz the gas constant .

*§ showed.that" these relatlonehlps ‘do-not holdpre-

clsely for real gases_ over: the. entlre range ot :

treated as perfect gases over quite awide range
of pressures and temperatures without any ap-
preciable error being introduced. Values of the
gas constant for some common gases are:

Mr..........l.lss.s
OXygen .......0..48.3
Nitrogen.........55.0
Hydrogen. ... .... 766.0
Helium ,........ 386.0

Liquids and Their Vapors

When heat is transferred to a liquid, the
average velocity of the molecules is increased .

and the amount of internal kinetic energy stored
in the liquid is increased. As the average veloc-
ity of the molecules increases, somemolecules
which are at or near the surface of the liquid
momentarily achieve unusually high velocities;

-and some of these escape from the liquid and

enter the space above, where they exist in the
vapor state. As more and more of the molecules
escape and come into the vapor state, the prob-
abllity increases that some of the vapor mole-
cules will momentarily have unusually low
velocities; these molecules will be captured by
the liquid, As a result of this exchange of
molecules between the liquid and the vapor, a

condition of equilibrium is reached and an
equilibrium pressure is established, The equi-
librium pressure depends upon the molecular

"structure of the fluid and upon its temperature.
For any given fluid, therefore, thereis a definite .

relationship between the temperature and the
pressure at which a liquid and its vapor may
exist in equulbrtum contact swith each other.

As long as the vapor is in contact with the

liquid from which it is being generated, the -

liquid and the vapor will remain at the same
temperature. If the liquid and the vapor are in
a closed container (such as a boiler with all

~ steam stop valves closed) both the temperature

and the pressure of the liquid and its vapor will
increase as heat is.added. If the vapor is per-
mitted to leaye: the. steam:space at a rate equal
to the. evaporatton rate, :an equilibrium will be
established at the’ equlllbrlum pressure for the

Although the laws of’ perfect gases were: particular temperature.". ..

developed on the basis of experiments made .
with air and other real ggses’ later experiments TR related in the manner just described are known
"as the Saturation’ geeaur e and the saturation
temperature. Thus, - for anyspectfled pressure

correep lng tempe_rature of 'vapo-

.The pressure and the temperature whlch are

~
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and for any Specified temperature there is a
corresponding saturation Pressure,
A liquid which is under any specified pres-

A liquid which ig at any temperature below its
Saturation temperature is said to be subcooled

liquid, For eéxample, the saturation temperature

which corresponds to atmospheric pressure
(14,7 psia) 18 212°F for water. Therefore, water
at 212°F and under atmospheric pressure issaid
to be a saturated liquid, Water flowing ina river

" or standing in a pond is also under atmospheric

pressure, but it is at a much lowertemperature;
hence, this water is gaid to be subcooled,

A vapor which is under any specified pres-
sure and at the saturation temperature corre-
sponding tothat pPressureis saidtobe g saturated
vapor. Thus, water at 14,7 psia and 212°F pro=
duces a vapor known as saturated steam. Ag

tainer, however, and additiona} heat is supplied
to the vapor, the temperature of the vapor is
raised, A vapor which has been raigsedtog tem-
perature. that is above itg Saturation tempera.
rheated vapor, and the
-vessel or container in which the saturated steam

- 18 superheated ig ¢alled a rheater. The ele-
mentary boiler and superheater Mustrated in

FEED WATER wmmmpp

" GENERATING - | .-
. FURNACE . .|

.. Figwe 6-10,~Elementary boller and suporheater,

Ve e s

exceeds the temperature of a saturated vapor

at the same pressure i8 known as the de ee of
Superheat, For example, if saturated Steam ata
pressure of 600 psia and a corresponding satu-
ration temperature of 486°F ig rheated to
T86°F, the degree of superheat is 300°F,

For any substance there is a critical int
at which the properties of the safurated liquid
are exactly the same as the properties of the
saturated vapor, For water, the critical point
i8 reached at 3206.2 psia (critical pressure)

Indistinguishable. No change of physical state
occurs when the pressure ig increased or when
additional heat ig supplied; the vapor cannot be
made to liquefy and the liquid cannot be made
to vaporize ag long as the substance is at or
above its critical pressure and critical tem-
perature, At this point, we could nolonger refer
to “water’’ and ‘‘steam’’, since we cannot tell

. the water and the Steam apart; instead, the
substance is now merely called a ‘‘fluid’’ or ;

a ‘‘working fluid,”” Bolilers designed to operate

above the critical point are called rcritical -
boilers. Supercritical boilers are not used at .

present in the propulsion plants of naval ships;
however, some boilers of this type are used in
stationary steam power plants,

Representation of Properties

The condition of a working fluid at any point :

within a thermodynamic cycle or system ig

established by the properties of the substance

at that point, The properties that are of special
interest in engineering thermodynamics include
Pressure, temperature, volume, enthalpy, en-
tropy, and internal energy. These properties

- F

SUPERHEATER
. FURNACE

i o o s s

|
|

I
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PROPERTIES OF SATURATED STEAM

SPECIFIC VOLUME ENTHALPY

ENTROPY INTERNAL ENERGY

ABS.
PRESS. .
(PSIA) SAT. SAT. . R SAT. SAT.
Lieuio | vapor E‘;"’- EVAP. Liouip | vapor
5 u u
i % b (13 % i g
190 | a77.s1 | 0.01833 | 2.404 350.79 | a46.8 197.6 | 0.s381 1.0116 1.5497 3s0.15 | s
200 | 3sn79 | 0.0183 | 2288 355.36 | 8430 M98.4 | o0.s435 | 100 1.5453 35468 | a7
250 | «009s | o.omees | .84 | 376.00 | 82s.1 1201.1 0.575 | 09588 |- 1.5263 a7s.14 | Mis.a
m (P} t) @0 (5) 6) ) ®) ® (10) an (12)
147,64X

Figure 8-11,—Excerpts from Keenan and Keyes steam tables.

have been discussed at some length in this
chapter and ih the chapter dealing with prin- .

} cipleg of measurement; at this point we are

concerned less with the properties themselves .
than with the way in which they are tabulated
and the way in which they are represented
graphically.

STEAM TABLES.—In the region near a
change of physical state, the behavior ofagase- .
ous substance becomes too complex for the
relatively simple energy calculations that apply
to perfect gases and to many real gases over a
wide range of pressures and temperatures,
Because of the complicated equations needed

| to describe the properties of vapors, engineers

customarily ‘depend upon tahles of vapor prop-

: erties for information concerningthe properties -

of liquids and their vapors. The .vapor tables

:| that are perhaps most commonly used are those. -

which give the thermodynamic properties of

°| steam. The most authoritative tables of thermo-

dynamic properties of steam arethose prepared’

| by Keenan and Keyes under the title of Thermo-

4| dynamie Properties of Steam. _Figiire 8-11 15 .
1| excerpted from eKeenanandKeyes-

steam tables; itis tncluded There chiefly toshow
the general arrangement of information inthese

] tables, - rather.’ than to. provlde any. elgnmcant' -
2| amount of data concernlng the thermodynamlo j

propertlee of saturated stea.m

7
0 Pro ‘rtles of Steam ‘New.York, John Wil

The information given in each column of the

‘Keenan and Keyes table for the properties of

saturated steam is describedbriefly below, Note
that the subscript f is commonly used to denote
properties of the saturated liquid, g to'denote
properties of the saturated vapor, and {g to de-
note property changes between the two states.

Column 1 gives the saturation pressure of
the saturated water and the saturated steam at
the temperature given in column 2. Notethat the
pressure is absolute pressure, not gage pres-
sure,

Column 2 gives the saturation temperature
for the pressure shown in column 1. This tem-
perature is what is comimonly referred to as
‘‘the boliling point’’ of the liquid at the pressure
shown in column 1. In the steam tables, the
temperature is usually givenin degrees Fahren-
heit rather than in. degrees of an absolute
temperature scale. However, the absolute tem-
perature. can always be .obtained byslmple com-
putation if it shouid be needed.

Column 8 gives the specific volume of the
saturated liquid (water) at the pressure shown in
column 1 and the temperature shown in column
2. Speclﬁc volume is expressed ln cubicfeet per
pound, .

Column 4 gtvee the epeclftc volume of the

saturated vapor: (steam) at, the preseure and .
~ temperature shown.’

It should be.noted. that some portlone of the

— : S :,- Keenan and" Keyes steam 'tables have another. .
, . .column_ for the lricrease in ‘Specific. volume that

d Joeeph i Kee uan md m“rmkc' K”“’M—j; oceurs durlnt evappratlon. This ‘column {8 1a-
" belled ‘Specific “Volume, Evapo., symbollzed by
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Column 5 gives the enthalpy per pound of the
saturated liquid at the pressure and temperature
shown, The enthalpy of saturated water at 32°F
and the corresponding saturation pressure of
0.08854 psis is taken as Zero; hence, all enthalpy
figures indicate enthalpy with respect to this
arbitrarily assigned zero point, For example,
the enthalpy of 1 pound of saturated water at 190
psia and 377, 51°F is 850,79 Btu more than the

enthalpy of 1 pound of saturated waterat0.08854‘

psia and 32°F. _
Column 6 gives the enthalpy of evaporation,
per pound of working fluid~that is, the change in
enthalpy that occurs during -evaporation. This
column is of particular significance since it in-
dicates the Btu per pound that must be supplied
to change the saturated liquid (water) to the
saturated vapor (steam) at the pressure and

temperature shown, In other words, the enthalpy -

of evaporation is what we formerly described
as the latent heat of vaporization.

Column 7 gives the enthalpy per pound of the
saturated vapor at the pressureand temperature
shown, Note that this 18 the sum of the enthalpy of
the saturated 1liquid and the enthalpy of evapora-
tion,

Column 8 gives the entropy per pound of the
saturated liquid at the pressure and temperature
shown, The zero point for entropy, like the zero
point for enthalpy, is arbitrarily established at

32°F and the corresponding saturationpressure -

of 0,08854 psia. , .

Column 9 gives the entropy of evaporation
per pound of working fluid at the indicated pres-
sure and témperature., In other words, this
column shows the change of entropy that occurs
during evaporation, '~ = - . ;

: Column 10 gives the entropy per pound of the
saturated vapor at the pressure and temperature

shown, Note that this is the sum of the entropy of -

the' saturated 1iquid and the entropy of evapora-
tion, L
‘Columns 11 and 12 give the internal energy
of the saturated liquid an
of the saturated vapor, respectivély, -~ -

In -addition: to- giving properties df the satu- .
urated vapor, the Keenan'
include data on the super- .
r pertinent information,

" rated lquid and the s;

and Keyes steai tables |
heated: vapor ‘and” oth

and the internal energy

- PRESSURE

The relationships among pressure, volume,
and temperature of a perfect gasaresometimes
represented by a three-dimenstonal diagram of
the type shown in figure 8-12. The p-v-T sur- -
face of a real substance may alsobe represented
in this way, but the diagrams become much more
complex because the relationships among the
properties are more complex, A simplified

P-v-T surface for water is shown infigure 8-13,
L7

PRESSURE

147,65

Figure 8-12.—Three-dimensional representa-
tion of p-v-T surface for perfect gas.
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The significance of some of the lines on this
diagram will become clearer as we consider

some of the related two-dimensional diagrams,

Three-dimensional diagrams are extremely
useful in giving an overall picture of the p-v-T
relationships, but they are difficult to construct
and are somewhat difficult to use for detailed
analysis. Two-dimensional graphs are fre-
quently projected from the three-dimensional
p-v=-T surfaces. Even on atwo-dimensional dia-
gram, a great many relationships of properties
can be indicated by means of contour lines or
Superimposed curves. -

The p-v .dlagram is made by plotting known
values of pressure (p) along the ordinate and
values %t specific volume (v) along the ab-
scissa.l® To illustrate the construction of a
p-v diagram, let us consider the isothermal
compression of 1 pound of air from an initial
pressure of 1000 pounds per square foot absolute
to a final pressure of 6000 psfa, Let us assume
that the air is at a temperature of 90°F, or 550°

. R. Since we may treat air as a perfect gas under

these conditions of pressure and temperature, we
may use the laws of perfect gases ar«1the equa-
tion

pv = RT

where .
p = absolute pressure, psfa
v = specific volume, cu ft per 1b
R = gas constant (53.3 for air)
T = absclute temperature, °R

Since the compresslon is isothermal, T is
constant and the expression RT is equal to
53.3 x 550, or 29,315, It is apparent from the
equation that P and v must vary inversely—that
is, as p goes up, 7 “goes down. Hence, for.any
given value of p we ‘may find a value of v merely
by dividing 29,318 by’ p. Choosing six values of

and computlng the values of v, we obtain the
onowlng valuea.

STATE A .p_,'1ooo, v =20.8
STATE B: " p = 2000, v = 14.7
STATE C: p = 3000, v'="9,8
. STATED: p=4000, v = 7.8_ _
: -_.SI‘ATE F:'p = 497

L
‘ N

:Flgure 8-14, -Constanttemperatﬁre (léothermal)

By plotting these values on graph paper, we
obtain the p-v diagram shown in figure 8-14,
The curve applies only tothe indicated tempera-
ture—that is, it is an isothermal curve. The
values of p and v maybe calculatedfor the same
process at other temperatures, and plotted as
before; in this case we obtain a series of iso-
thermal curves (or isotherms) such as those
shown in figure 8-15,

A p-v diagram for water and steam is shown
in figure 8-16. This diagram—-and, in fact, most
diagrams for real substances in the region of a
state change—i8 not drawn to scale because of the
very great difference in the specific volume of
the liquid and the specific volume of the vapor,
Even though it is not drawn to scale, the p-v
diagram serves a useful purpose in indicating
the general configuration of the saturated liquid
line and the saturated vapor line, These lines,
which are called process lines, blend smoothly
at the critical point. The shape formed by the
process lines is characteristic of water and will
be observed on all p-v diagrams of this sub-
stance.

A two-dimensional pressure-temperature
(p-T) diagram of the type shown in figure 8-17
is useful because it indicates the way in which

-the phase of a substance depends upon pressure

and temperature. The solid-liquid curve, for
example, indicates the effects of prii'ssure on
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Figure 8-15.—Group of isothermal curves on

_p-v diagram.

the melting (or freezing) point; the liquid-vapor
curve indicates the effects of pressure on the
bolliiig point; and the solid-vapor indicates the
effects of pressure on the sublimation point.

- CRITICAL POINT

)
o

%
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147.69
Figure 8-16.—A p-v diagramfor water.
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Figure 8-17,-A p-T diagram.

The intersection of these three equilibrium
curves shows the triple point—that is, the single
pressure and temperature at which all three
phases cancoexist, The termination of theliquid-
vapor equilibrium curve indicates the critical
point—that is, the point at which the liquid and
the vapor are no longer distinguishable because
their properties are identical.

Other two-dimensional diagrams that find
application in engineering include the tempera-
ture-entropy (T-s) diagram; the enthalpy-
entropy (h-s) diagram, also called the Mollier
diagram; the pressure-enthalpy (p-h) diagram;
and the enthalpy-volume (h-v)diagram. Of these,
the Mollier diagram is probably of major im-
portance in the study of steam engineering.
Mollier diagrams are included in many steam
tables and are also available in engineering
handbooks and some thermodynamics texts.

ENERGY RELATIONSHIPS IN THE
SHIPBOARD PROPULSION CYCLE

At the beginning of this chapter it was stated
that the shipboard engineering plant may be
thought of as a series of devices and arrange-
ments for the exchange and transformation of
energy. Many of these transformations and
energy exchanges have been discussed in this
chapter, but they have not been taken up in se-
quence. Figure 8-18 illustrates the basic
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Chapter 8—INTRODUCTION TO THERMODYNAMICS

WORK DUT: THERMAL
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. )
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AIR EJECTOR
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THERMAL ENERGY OF
AUXILIARY STEAM .
CONVERTED TO
MECHANICAL ENERGY

Figure 8~18.—Energy relationships in the hasic propulsion cycle of conventional steam-driven ship.

propulsion cycle of a conventional steam-driven
ship with geared turbine drive and shows some
! of the major energy transformations that take
place.

The first energy transformation occurs when
fuel oil is burned in the boiler furnace. By the
process of combustion, the chemical energy
stored in the fuel oil is transformed into thermal
energy. Thermal energy flows from the hot com-
; bustion gases to the water in the boiler. While
t the boiler stop valves are still closed, steam
i begins to form in the botler; the volume of the
§ steam remains constant but the pressure akd
. temperature increase, indicating a storage of
¢ internal energy. When operating pressure is
i reached and the steam stop valves are opened,

THERMAL ENERGY DF
AUXILIARY EXHAUST STEAM
USED HERE TD HEAT AND
DEAERATE FEED WATER

38.2

the high pressure of the steam causes it to flow
to the turbines. The pressure of the steam thus
provides the potential for doing work; the actual
conversion of heat to work takes place in the
turbines, The changes in internal energy be-
tween the boiler and the condenser (as evidenced
by changes inpressure andtemperature) indicate
that heat has beeit converted to work in the tur-
bines. The work output of the turbines turns the
shaft and so drives the ship,

Two main energy transformations are in-
volved in converting thermal energy to work in
the turbines. First, the thermal energy of the

.steam is transformed into mechanical kinetic

energy as the steam flows through one or more

- nozzles, And second, the mechanical kinetic
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energy of the steam is transformed into work
as the steam impinges uponthe projecting blades
of the turbine and thus causes the turbine to
turn. The turning of the turbine rotor causes

" the propeller shaft to turn also, although at a

slower speed, since the turbine is connected to
the propeller shaft through reduction gears. The
steam exhausts from the turbine to the con-

denser, where it gives up its latent heat of con- -

densation to the circulating sea water.

For the remainder of this cycle, energy is
required to get the water (condensate and feed
water) back to the botler where it will again be
heated and changed into steam. The energy used
for this purpose is generally the thermal energy
of the auxiliary steam. In the case of turbine-
driven feed pumps, the conversion of thermal
energy to mechanical energy occurs inthe same
way as it does in the case of the propulsion tur-
bines. In the case of motor-driven pumps, the
energy conversion is from thermal energy to
electrical energy (in a turbogenerator) and then
from electrical energy to mechanical energy
(work) in the pumps. )

ENERGY BALANCES

From previous discussion, it should be
apparent _that putting 1 Btu in at the boiler
furnace does not mean that 778 foot-pounds of
work will be available for propelling the ship
through the water. Some of the energy put in at
the boller furnace is used by auxiliary machin-

. ery such as pumps and forced draft blowers to

supply the boiler with feed water, fuel oil, and
combustion air. Distilling plants, turbogenera-
tors, steering gears, steam catapults, heating
systems, galley and laundry equipment, and
many other units throughout the ship use energy
derived directly or indirectly from the energy
put in at the boiler furnace. -

In addition, there are many “‘energy losses’’
throughout the engineering plant. As we have
seen, energy cannot actually be lost. But when
it is transformed into a form of energy which
we cannot use, we say there has been an energy
10ss. Since noinsulation is perfect, some thermal

e

energy is always lost as steam travels through
piping. Friction losses occur in all machinery
and piping. Some heat must be wasted as the
combustion gases go up the stack, Some heat
must be lost at the condenser as the steam ex-
hausted from the turbines gives up heat to the
circulating sea water. We cannot expect all
of the heat supplied to be converted into work;
even in the most efficient possible cycle, we
know that some heat must always be rejected
to a receiver which is at a lower temperature
than the source. Thus, each Btu that is theoreti-
cally put in at the boiler furnace must be
divided up a good many ways before the energy
can be completely accounted for. But the energy
account will always balance. Energy in mustal-
ways equal energy out. - .
Designers of engineering equipment use
energy balances to analyze energy exchanges
and to compute the energy requirements for
proposed equipment or plants. Operating engi-
neers use energy balances to evaluate plant
performance. The engineer officer of a naval
ship may find it necessary to make energy
balances in order to find out whether the plant

is operating at designed efficiency or whether -

defects are causing unnecessary waste of steam, °
fuel, and energy.

An energy balance for an entire enginzering
plant is usually m~-e up in the form of a flow
diagram similar to (but more detaiied than) the
one shown in figure 8-18. Anumber of numerical
values are entered on the flow diagram, the most
important of which are the quantities of the
working fluid flowing per hour at various points
and the thermodynamic states of the working
fluid at various points. The quantity of fluid
flowing per hour may be obtained by direct
measurement of flow tirough flow meters or
nozzles or by calculati.n; in some instances,
it is necessary to estimate steam consumption
of pumps and other units on the basis of avail-
able test data. Data on the state of the working
fluid is obtained from pressure and temperature
readings, Enthalpy calculations are made and
noted at various points on the diagram. The
complete energy balance includes tabular data
as well as the data shown on the flow diagram.
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PART Ill-THE CONVENTIONAL STEAM TURBINE
PROPULSION PLANT |

Chapter ¢ Machinery Arrangement and Plant Layout
Chapter 10 Propulsion Boilers _
Chapter 11 Boiler Fittings and Controls

Chapter 12 Propulsion Steam Turbines

Chapter 13 Condensers and Other Heat Exchangers

This part of the text deals with the major units of machinery in the
conventional steam turbine propulsion plant—a type of plant which is at
present widely used in naval ships. For the most part, the discussion is
concerned with geared-turbine drive; but some of the information is also
applicable to those few ships with turboelectric drive. The term “‘con~
ventional’”’ is used here to indicate that the plants under discussion
utilize conventional boilers, rather than nuclear reactors, as the source
of heat for the generation of steam.

Chapter 9 introduces the conventional steam turbine propulsion plant
by taking up the arrangement of propulsion machinery and the major
engineering piping systems found aboard conventional steam-driven ships.
Chapters 10 and 11 deal with propulsion boflers and their fittings and
controls, Chapter 12 describes propulsion steam turbines. Chapter 13
discusses the condensers and other heat transfer apparatus used in the
condensate and feed system of the conventional steam turbine propulsion
plant,

As may be noted, the sequence of presentation follows the sequence
of the thermodynamic cycle. The boller is the heat source, or high-
temperature region; the turbine is the ¢ngine in which the thermal
energy of the steam is converted into m.:chanical energy which drives
the ship; and the condenser is the he:t receiver to which some heat
must always be rejected in order to allow wie conversion of heat to work.




CHAPTER 9

MACHINER_Y ARRANGEMENT AND PLANT LAYOUT

" To understand a shipboard propulsion plant,
‘it is necessary to visualize the general con-
figuration of the plant as a whole and to
understand the physical relationships among the
varfous units. This chapter provides general
information on the distribution and arrangement
of propulsion machinery in conventional steam
turbine propulsion plants and on the arrange-
ment of the major engineering piping systems
that connect and serve the various units of
machinery. ,

It is important to note that the information
given in this chapter is general rather than
specific. No two ships—not even sister ships—
are exactly alike in their arrangement of ma-
chinery and piping. The examples given in this
chapter are based on the arrangements used

in various kinds of ships, large and small, old’

and new. The examples give some idea of the
variety of arrangements that may be found on
steam-driven surface ships, and they indicate
the basic functions of the machinery and piping;
but the examples cannot provide an exact
picture of the machinery and piping on any one
ship. For detailed information concerning the
arrangements on any particular ship, it is
necessary to consult the ship’s blueprints,
various ship’s manuals, and the manufacturers’
technical manuals that cover the engineering
equipment and piping systems installed in the
ship.

ARRANGEMENT OF PROPULSION
MACHINERY

- The propulsion machinery on conventional
steam-driven surface ships includes (1) the
propulsion boilers, (2) the propulsion turbines,
(3) the condensers, (4) the reduction gears, and

(5) the pumps, forced draft blowers, deaerating:

feed tanks, and other auxiliary machinery units
which directly serve the major propulsion units.

(-

- aistingulsh between Hiem

On most steam-driven surface ships other
than oilers, tankers, and certain auxiliaries,
the propulsion machinery is located amidships.
Turbogenerators and their auxiliary condensers
are usually located in the propulsion machinery
spaces; other engineering equipment that is not
directly associated with the operation of the
major propulsion units may be located in or
near the propulsion machinery spaces or in
other parts of the ship, as space permits.

A word about terminology may be helpful
at this point. The boilers in a propulsion plant
may be identified as propulsion boilers (or
occasionally as main boliers) when it is neces-
sary to distinguish between propulsion boilers
and the auxiliary boilers that are installed on
some ships. The turbines are identified as
propulsion turbines when it is necessary to
and the many auxiliary
turbines that are used on all steam-driven ships
to drive pumps, forced draft blowers, and other
auxiliary units. The propulsion turbines are
also sometimes referred to asthe main engines,
although this usage 1s not considered parti-
cularly desirable. The term propulsion unit
is correctly used to identify the combination
of propulsion turbines, main reduction gears,
and main condenser in any one propulsion plant;
however, the term pr-pulsion unit may also

be used in a more general sense to indicate

any major unit in the propulsion plant.

Each propulsion shaft has an identifying
number which is based on the location of the
shaft, working from starboard to port. The
shaft nearest the starboard side is the No. 1
shaft, the one next inboard is the No. 2 shaft,
and so forth. On recent ships, the propulsion
machinery that serves each shaft is given the
same number as that shaft. For example, the
No. 2 shaft is served by the No. 2 propulsion
unit and the No. 2 boiler. Where two similar
units serve one shaft, the identifying number
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is followed by a letter. If two boilers serve the
No. 3 propulsion unit and the No. 3 shaft, for
example, the boilers would be identified as No.
3A and No. 3B. Where letters are used, they
are used in sequence going from starboard to
port and then from forward to aft.

On older ships, the practice of identifying
propulsion units by the number of the shaft
they serve is slightly different. In general, each
propulsion unit is numbered to correspond
with the number of the shaft it serves; but
the numbering of the boilers is generally not
the same as the numbering of the propulsion
units and the shafts. On an older ship, for ex-
ample, . the No. 1 boiler and the No. 2 boiler
might serve the No. 1 propulsion unit and the
No. 1 shaft, while the No. 3 boiler and the No. 4
boiler would serve the No. 2 propulsion unit and
the No. 2 shaft.

The functional relationships of the major
propulsion units and of many auxiliaries are
shown in figure 9-1. This illustration does not
indicate the actual location of the machinery
units; indeed, the physical location is often
surprisingly different from the .location that
might be assumed from a diagram of this type.
In considering the physical arrangement of
machinery, however, we mustkeep the functional
relationships clearly in mind. The three major
piping systems shown in figure 9-1 are the

‘main steam system, theauxiliary steamsystem,

and the auxiliary exhaust system; again, a

. functional rather than a physical relationship

i{s indicated. The three systems are discussed
in more detail later in this chapter; atthis point
it is only necessary to note the relationships
of these vital systems to the propulsion units
and auxiliaries.

The propulsion machinery spaces may be
physically arranged in several ways. Some ships
have firerooms, containing boilers and the sta-
tions for operating them, and enginerooms
containing propulsicn turbines and the stations
for operating them. On some ships, one fire-
room serves one engineroom; on others, two
firerooms serve ore engineroom. Instead of
firerooms and enginerooms, many large ships
of recent design have spaces which are called
machinery rooms. Each machinery room con-
tains both the bollersand thepropulsionturbines

~ No matter what arrangement of machinery
spaces is used, the propulsion machinery is
usually on two levels. The condensers and the
main reduction gears are on the lower level.
The propulsion turbines and the high speed
pinion gears to which they are -connected are
on the upper level with the low pressure tur-
bine exhaust directly over the condenser. The
boilers occupy both the lower level and the up-
per level; the stations for firing the boilers
(sometimes referred to as ‘‘the firing aisle’’)
are on the lcwer level, while the stations for
operating the valves that admit feed water to
the boilers are on the upper level. The boil-
ers are usually located on the centerline of the
ship or else they are distributed symmetrical-
ly about the centerline. The long axis of the
boiler drums runs fore and aft rather than ath-
wartship. Other machinery, including the pro-

pulsion auxiliaries, is arranged in various ways

as space and weight considerations permit.
Figure 9-2 shows the general arrangement

of propulsion machinery on destroyers of the

DD 445 and DD 692 classes. The machinery is
arranged so that the forward fireroom and the
forward engineroom can be operated together as
one completely independent plant, while the
after fireroom and the after engineroom can
be operated together as another completely
independent plant. All propulsion machinery,
including auxiliaries, is duplicated in each
plant. The arrangement shown in figure 9-2 is
typical of most destroyers, even the newer
ones; however, the newer destroyers contain
a non-machinery separation space between the
forward and after machinery plants.

Figures 9-3, 9-4, 9-5, and -9-8 show the
arrangement of machinery in the No. 1 fire-
room and the No. 1 engineroom of the frigates
DLG 14 and DLG 15. The arrangement shown
i these illustrations is aiso typical of that in
the frigates DLG 6-13. The forward (No. 1)
fireroom and engineroom may be operated to-
gether as a separate plant, as may the after

- (No. 2) fireroom and engineroom.

that serve a particular shaft. On some recent.

ships that have certain automatic controls, the
propulsion machinery is very largely operated

from separate enclosed operating stations lo-

cated within the machinery room.

104

Figure 9-7 shows the general arrangement
of propulsion machinery on the CA 68 class of
heavy cruisers. This arrangement is typical
of cruisers commissioned during World War

TI. The two forward firerooms and the forward

engineroom constitute one plant; the two after
firerooms and the after engineroom constitute
the other plant.

to be used.
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Cross-connections make it
possible for other operational arrangements |
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Figure 9-2.—Propulsion machinery arrangement, DD 445 and DD 692 classes.

Figure 9-8 shows the arrangement of pro-
pulsion machinery on the USS Coral Sea, CVA
43. In some ways, this arrangementof machinery
represents the ultimate in designed segregation
of propulsion equipment. The major units of
machinery are duplicated, spread out, and com-
partmented to provide for maximum resistance
to damage from explosion, fire, or flooding,

In recent years there has been a trend to-
ward using machinery rooms, rather than fire-
rooms and enginerooms, on many of the larger
combatant ships. An example of the machinery
room type of arrangement is shown in figure
9-9. Each machinery room contains a separate
propulsion plant which is capable of independent
operation. The arrangement shown in figure
9-9 is that of a heavy cruiser of the CA 139
class; the same general arrangement is used
on many newer ships, including aircraft car-
riers.

ENGINEERING PIPING SYSTEMS

The various units of machinery and equip-
men! aboard ship are connected by miles of
piping. Each piping system consists of sections
of pipe or tubing, fittings for joining the sec-
tions, and valves for controlling the flow of

, fluid. Most piping systems aiso {aclude a number

of other fittings and accessories such as vents,
drains, traps, strainers, relief valves, gages,
and instruments. Piping system components are
discussed in chapter 14 of this text; inthe pres-
ent chapter, we are concerned with piping
system standard symbols, piping system mark-
ings, general arrangement and layout of the
major engineering piping systems aboard ship.

195

Piping system standard symbols are used
to indicate machinery units, piping connections,
valves, gages, strainers, steam traps, and other
items on engineering blueprints and drawings,
Figure 9-10 illustrates some of the standard
symbols specified by the governing Military
Standard (MIL-STD-17), In some cases, devia-
tion from these symbols occurs on blueprints
and drawings; but the basic principles of rep-
resentation are usually followed. Most plans
or drawings that utilize special symbols in-
clude a legend or 1ist of symbols,

Standard piping system markings are used .

to mark each shipboard piping system at suitable
intervals along the entire length of the system.
The markings may be applied with paint and
stencils or prepainted vinyl cloth markers
may be used. The markings are in black letters
on a -white background for all systems except
oxygen; oxygen systems are marked with white
letters on a dark background,

The piping identification markings must in-
clude the functional name of the system and,
where necessary, the specific service of the
system. Markings must also include arrows to
show the direction of flow,

The piping identification markings are not
required for piping in tanks, voids, cofferdams,
bilges, and other unmanned spaces. All other
piping must be marked at least once in each
manned sSpace and at least twice in each ma-
chinery space. Systems serving propulsion
plants and systems conveying flammable or
toxic fluids must be marked at least twice
in each space. When feasible, piping identifi-
cation markings are placed near the entry and
near the exit to any space and at the
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Figure 9-8.—~Arrangement of machinery on lower level of No. 1 engineroom,

DLG 14 and DLG 15,
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PIPE FITTINGS, TYPES OF CAP
COMECTIONS T | sesesmnyssnenmoen —9-
COUPLING ——
scaewen uos ; pLve 'T' $TOP COCK, PLUG O CYLINDER _¢_
FLANGED ENDS ————| pEDUCER. CONCENTRIC - | VALVE 4WAY. ¢ PORT
SELL-AND-SPICOT ENDS ——
VELOED AND SRAZED ENDS | Union, PLANGeD —w|w- RELIEF, RECULATING, AND SAFETY
SOLDEREO ENDS ——————=]  YNION, SCREVED + vALVE SyMBOL
EXPANSION JOINT,
ELBOWS SELLOWS - GENERAL SYMBOL _é_
EXPANSION JOINT,
TITTING svusor | SLIDING * +3
rLson, 0 DEGREES {0- VALVES, TYPES OF CONNECTIONS | awste, nevier x‘,_
ELBOV, 45 DEGREES f( SCREWED ENDS —_—
FLANGED ENDS —cy— | BACK PRESSURE _Jq_
ELOY, OTHE 90 OR 43 y -
Dl:l!ll. sn‘arr"v‘:nou' .F gO’ BELL-ANDSMGOT EHOS '
WELDED AND SRAZED ENDS  —jfeect—
GLOSE, RELIEP Y P
ELBOW, LONG RAOIUS .(I'.-l SOLDERED ENDS -<><»-
STOP VALVES
e s f ‘ SR, oo
fLsow, siot ourLe, .?1— vaLve svusoL SPRM ™
GENERAL SYNSDL ——
s e o+ pemmoes g
i ANGLE INCREASED ACTUATING
r' PRESSURE CLOSES VALVE
ELBOV, TURNED DOWN G+
PRESSURE REOUCING DR
ELBOV, TURNED UP PRESSURE REGULATING, _‘h
O+ INCREAS
GATE —oi~ | PRESSURE OPENS VALYE
ELBOY, UMION
£ e
GATE, ANGLE b_
TEES SAPETY, BOILER L@-
FITTING SvusoL P
e CHECK VALVES
TEE, DOVBLE SVERP 2 O B orRRATED, -Jq— VALVE sYmuoL
TRE, OUTLET DOWN +OF. GENERAL SYMSOL -ﬁ
GLOSE, DECK DPERATED -6
TEE, QUTLET UP
4o+ CHECK, LIFT =y
TEE, SINGLE SVEEP, OR GLOBE, NYDRAULICALLY
rdm g -QT Skanarly .&-
-
S$TOP COCK, PLUG OR CYLINDER CHECK, S¥ING ———
OTHER PIPE FITTINGS VALVE, 2 WAY
PITTING SYNBOL
STOP CoCX, woER
SUSHING " 'AL"%A;};'%m GLOSE, STOP CNECK —D_’-
o
. 11.330.1(11A)
Figure 9-10.—Engineering symbols.
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OTHER VALVES

VALVE

AUTOMATIC, OPERATED BY
GOVERNOR

DIAPNRAGM

FAUCET

PLOAT OPERATED

LOCK AND SNIELD

MANIPOLD

PUMP GOVERNOR

SOLENOID CONTROL

THERMOSTATICALLY
CONTROLLED

SYMBOL

BUCKET TRAP —U—

PLOAT TRAP _0_

P TRAP U_

RUNNING TRAP v
TRAP _m..

F kb

po-

RE R

POWER AND HEATING PLANT
EQUIPMENT

STRAINERS

TYPEL
80X STRAINER

DUPLEX OIL PILTER

OUPLEX STRAINER

SYMBOL

=

o
_8_
_.._

-

UNIT sSYMSOL

AIR BJECTOR -QQo
sLOvER )

BLOWER, $00T _w

BOILER, STRAM GENERATOR
(WITH ECONOMIZER)

ENGINE, STEAM E_

EVAPORATOR, SINGLE EPFECT $'
PURP, RECIPROCATING @_

PUMP, ROTARY AND SCREW _®_

TURBINE, STEAN _ﬂ_

VACUUM-PRESSURE

TMERMOMETER

TNERMOMETER, DISTANT I!ADING.
BARE BULB TYPE

THERMOMETER, DISTANT READING,
SEPARATE SOCKET TYPE

AIR CNAMBER

BULKNEAD JOINT, EXFANSION
BULKNEAD JOINT, PIXED

METER, DISPLACEMENT TYPE
(OTHER THAN ELECTRICAL)

ORIFICE

SEA CMEST, DISCHARGE

S EA CHEST, SUCTION

DD-+¢|J:1_{B_@-<-9[]-@-

REFRIGERATION EQUIPMENT

SOILER RETURN TRAP

4=

STRAINER
GAGES, THERMOMETERS, AND
¥ sTRAMER MISCELLANEOUS
TYPs SYNSOL
TRAPS LU LeveL U
TYPR SYMBOL
PRUESSURE
AIR ELIMINATOR @'

vacuus @v
iy

umy sYMBOL
colL, rire

COMPRESSOR (ALL TYPES)

CONDENSER, EVAPORATIVE

=
[8)
B8
CONDENSING UNIT, AIR COOLED @
Lo
Oy

CONDENSING UNIT,
WATER COOLED

COOLER, BRINE

SWITCN, CUT-OUT, HIGH PRESSURE _£

SWITCH, CUT-OUT, LOW PRESSURE '(ﬁ

VAL EVAPORATOR ?
Vl, At
mP-AC‘ﬂM VALYE -

VALVE, EXPANSION, AUTOMATIC  ~—{hd~

VALVE, EXPANSION,
MANUALLY OPERA TED -64—
VALVE, EXPANSION,
THERMOSTATIC 'E'

Figure 9-10.—% symbols-Continued.
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junction of interconnecting systems. Short runs
of piping which serve an immediately obvious
purpose, such as short vents or drains, need not
be marked. As a rule, piping onthe weather decks
does not require marking; if it does require
marking, label plates (rather than stenciled
paint or prepainted vinyl labels) are used.

Each valve is marked on the rimof the hand-
wheel, on a circular label plate secured by the
handwheel nut, or on a label plate attached to the
ship’s structure or to adjacent piping. The valve
label gives the name and purpose of the valve, if
this information is not immediately apparent
from the piping system marking, andit gives the
location of the valve. Thelocation is indicated by
three numbers which give, In order, the vertical
level, the longitudinal position, and the trans-
verse position. Consider, for example, a drain
bulkhead stop valve that is labelled:

2-85-1

The location of this valve is indicated by these
numbers. The first number indicates the vertical
position—in this case, the seconddeck. The sec-
ond number indicates the longitudinal position by
giving the frame number—inthis case, frame 85,
The third number indicates the transverse posi-
tion—starboard side if the number is odd, port
side if the number is even. The numbers indicat-
ing transverse position begin atthe centerline of
the ship and progress out toward the sides. For
example, a second drain bulkhead stop installed
on the samelevel and at the same frame, but far-
ther to starboard, would be indentified as

2-85-3

In either case, of course, the valve would also
be identified as to system (DRAIN BULKHEAD
STOP, in these examples) f the piping system
identification did not make the system obvious.

A slightly different system of marking is used
for identifying main line valves, cross-connec-
tion or split-plant valves, and remote-operated
valves in vital engineering piping systems. In-
stead of being identitied bylocation, these valves
are assigned casualty control identification num-
bers, by system, as '

Main steam............MS1l, MS2' MS3, etc.
Auxiliary steam.......ASl, AS2, AS3, AS4, etc,
Auxiliary condensate. . . ACN1, ACN2, etc,~ _ -
Auxiliary exhaust,.....AEl, AE2, AE3, etc.
Fuel oil service ......FO81, FOS2, etc.

On newer ships, the system for marking
valves in the vital engineering systems is slight-
1y different, consisting of a three-part designa-
tion in the following sequence: (1) a number des-
ignating the shaft or plant number; (2) letters
designating the system; and (3) a number, or a
combination of a number and a letter, indicating
the individual valve. Individual valve numbers
are assigned in sequence, beginning at the origin
of a system and going in order to the end of the
system, excluding branch lines. In other words,
the first valve in the mainline is No. 1, the sec-
ond I8 No. 2, and so forth. Since paral'<l flow
paths frequently exist, it is often necessary to
assign a shaft number and a system designation
to the parallel flow paths as well as to the basic
main line of the system. The valves inthe paral-
lel flow paths are then numbered in sequence;
identical numbers are usedfor valves which per-
form like functions In each of the parallel flow
paths, but a letter suffix is added to distingulsh
between the similar valves. This system of iden-
tification is fllustrated for part of a'mainsteam
system in figure 9-11.

It is of utmost importance that all engineer-
ing personnel (officer and enlisted) become fa-
miliar with the valve markings used in the vital
engineering systems. Use of the identification .
numbers tends to prevent confusion and error
when the plant is being split or cross-comnected
and when damaged sections are being isolated,
since it provides a means of ordering anyparti-
cular valve to be opened or closed without taking
time to describe the actual physical location of
the valve. However, the identification maiKings
cannot serve their intended purpose unless all
engineering personnel are throroughly familiar
with the physical location and the identification
number of each valve they may be required
either to operate themselves or to order opened
or closed.

Most shipboard piping ispaintedtomatchand
blend in with its surrounding bulkheads, over-
heads, or other structures. In a very few sys-
tems, color I8 used in a specified manner to aid
in the rapid identification of the systems. For
example, JP-5 piping in interior spaces is
painted purple. Gasoline valves iIn interior
spaces are painted yellow, except for moving
parts of the valves; in exterior locations, part
of the valve handwheel or the operating lever is
painted yellow. Green is similarly used toiden-
tify oxygen, and red is used for fireplugs and
foam discharge valves.
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e

NO.2 ENGINEROOM

NO. 2 FIREROOM

147.82

Figure 9-11.—=Principle of valve identification in engineering piping systems.

MAIN STEAM SYSTEMS

The mzsin steam system is the shortest and
simplest of all the major engineering piping
. systems aboard ship. This statement is true
regardiess of the steam pressures involved,
With the recent advent of the 1200-psi main
steam system,l there is a tendency to regard
high pressure main steam systems as basically
different from (and mysteriocusly more complex
than) the lower pressure systems. In reality, a

1200-psi main steam system serves the same .

lClassification of main steam systems to

or 400-psi systems, depending upon the operatingpres-
sure of the boilers. R should be noted, also, that such
pressure classifications are approximste rather than
exact,

basic purpose as a lower pressure system, and
differs only in minor details, as noted in subse-
quent discussion, The major difference between
high pressure main steam systems and lower
pressure systems is in the materials used for
piping and fittings; in general, the metals for
1200-psi systems must be designed to withstand
operating temperatures approximately 100° to
200° F higher than the operating temperatures
of the lower pressure systems.2

On most ships, any piping which carries su-
perheated steam is considered as part of the main
steam system. On many ships, the main steam
system includes only the piping that carries su-
perheated steam from the boflers to the propul-
sion turbines, the turbogenerators, and the boiler

2 Although the main steam systems are spproximately
the same for a 1200-psi system and fora lower pres-
sure system, it should not be inferred that the plant
28 a whole is identical, Important differences between
1300-pei plants and lower pressure plants are noted
in appropriste places throughout this text.
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soot blowers.3 On some recent ships (both 600-

psi and 1200-psi) the main steam system sup-
plies superheated steam to several other units
as well. For example, some carriers use su-
perheated steam to supply steam catapult sys-
tems; also, some carriers and other ships use
superheated steam to operate forced draft
blowers, main feed pumps, main circulating
pumps, and other auxiliaries. The soot blowers
are not supplied from the main steam system
on some ships that have 1200-psi main steam
systems; instead, steam for the soot blowers is
taken from the 1200-psi auxiliary steam system,
as discussed later in this chapter.

Figure 9-12 illustrates the main steam sys-
tem for the forward plant (No. 1 fireroom and
No. 1 engineroom) of a steam-driven destroyer
escort. The after plant (No. 2 fireroom and No,
2 engineroom) main steam system is very sim-
ilar.

There i8 one boiler in each fireroom. Each
boller i8 provided with a boiler stop valve which
can be operated either locally from the fire-
room or remotely from the main deck. A sec-
ond line stop valve in each fireroom provides
two-valve protection for the bofler when it is
not in use, and permits effective isolation in
case of damage. This type of two-valve protec-
tion is standard for all bollers installed in U.,S.
Navy ships.

For ahead operation, the superheated steam
passes through a main steam strainer, a guard-
ing valve, and a throttle valve before entering
the high pressure turbine. From the high pres-
sure turbine, the steam passes througha cross-

over pipe to the low pressure turbine; then it .

exhausts to the condenser. For astern opera-
tion, the superheated steam passes through the
steam strainer and through a stop valve; then
it goes to the steam chest of the astern element,
which is located at one end of the low pressure
turbine.

The forward and after main steam systems
are connected by cross-connection piping be-
tween the forward engineroom and the after
fireroom, By means of this piping, either boiler
can be used with either or both propulsion units
and turbogenerators. Thus the two propulsion
plants can be operated either independently
(split-plant) or together (cross-connected),

swbmmawmbrrmoﬂngmmm
boiler firesides while the bofler is steaming. Soot
blowers are discussed in chapter 11 of this text,

Note that superheated steam for the soot
blowers goes from the superheater outlet pip-
ing into a soot blower steam header.4 Branches
go from the header to the individual soot blowers.

A 600-psi main steam system is shown in
figure 9-13. This is the main steam system for
the two forward plants (No. 1 and No. 4)on a
heavy cruiser of the CA 139 class. Althoughthis
drawing is more complicated, the system itself
is still basically simple.

A 600-psi main steam systemfor destroyers
of the DD 445 and DD 692 classes i8 shown in
figure 9-14, A later modification was made on
these ships to provide a separate superheated
steam supply to the turbogenerators. With this
modification, this main steam system is typical
of most destroyers, even those that are consid-
erably more recent than the DD 445 and DD 692
classes.

For comparison, figure 9-15 shows a 1200-
psi main steam system for the forward plant of
the frigates DLG 14 and DLG 15. Note that the
1200-psi main steam system does not supply
steam to the soot blowers but that it does supply
steam to the main feed pumps. In both of these
respects, the 1200-psi system differs from the
DD 445 and DD 692 main steam system described
above.

AUXILIARY STEAM SYSTEMS

Auxiliary steam systems supply steamatthe
pressures and temperatures required for the op-
eration of many systems andunits of machinery,
both inside and outside the engineering spaces.
Although auxiliary steam is often called ‘“‘satu-
rated’’ steam, it has some degree of superheat
in some auxiliary steam systems. Constant and
intermittent service steam systems, steam
smothering systems, whistles and sirens, fuel
ofl heaters, fuel oil tank heating coils, air ejec-
tors, forced draft blowers, and a wide variety of
pumps are typical of the systems and machinery

used in engineeringto

, chamber, drum, or similarpieceto

series of tubes or pipes are connected in such
to permit a flow of fluid from one tube (or
tubes) to another, In essence, a header is a -

of manifold. In common usage, a distinction is
between drums and headers on the basis of size:




Chapter 9~MACHINERY ARRANGEMENT AND PLANT LAYOUT

e
URBOGENERATO
TURBOGENERATOR STEAM.w.
/ <}
MAIN STEAM
CROSS-CONNECTION STRAINER
:mg CONNECTING i SUPERHEATED STEAM TO
APTER PLANT L I > SOOT BLOWER HEADER
E <
u -------
NO.2 5‘
FIREROOM ,
crpssoven 3 H —— - -
REDUCTION LOW
2 GEARS pressure | 5 SATURATED
:ﬂ e | o , STEAM TO
g ] :I w ¥ ] SUPERHEATER
L
£ —]_SAFETY VALVE
& CONNECTION
HIGH § \3%5';”58“0
PRESSURE
w?:#ce 2 DESUPERHEATER
! ~~MAIN STEAM STOP
Q
<
MAIN STEAM w
AFTER [ ForRwaRD T A SSURE x \supermEaTED STEAM TO
PLANT || PLANT T 2 MAIN STEAM STOP
G || cm—
NO.1 ENGINEROOM

Figure 9-12.—Main steam

that receive their steam supply from auxiliary
steam systems on most steam-driven ships. As
previously noted, the units are not the same on
all ships. Some recent ships use main steam
instead of auxiliary steam for the forced draft
blowers and for some pumps. On some ships,
turbine gland sealing systems receive their
steam supply from an auxiliary steam system;
on other ships, the source of supply is the aux~
fliary exhaust system. In general, an increasing
use of electrically driven (rather than turbine
driven) auxiliaries has led to the simplification

' of auxillary steam systems on recent ships,

On ships having double-furnace boflers, aux-

fliary steam is taken directly from the steam

36.8
system, destroyer escort.

drum at steam drum pressure and temperature,
Since this steam is not superheated, it does not
require desuperheating before it can be used as
auxiliary steam. On ships having single-furnace
boilers, all steam generated in the boiler goes
through the superheater; the steam requiredfor
auxiliary steam systems is then desuperheated
to some extent. On ships having 600-psi main
steam systems, auxiliary steam is desuper-
heated 80 that it is approximately at steam drum
temperature (or very slightly above), On ships
having 1200-psi main steam systems, the desu-
perheated auxiliary steam may still have quitea
bit of superheat—that is, it maybe ata consider-
ably higher temperature than the water and steam
in the steam drum,
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Figure 9-13.—~Main steam system, CA 139 class.
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Figure 9-13.—~Main steam system, CA 139 class—Continued. 3.9.2
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Most ships that have 600-psi main steam
systems have a 600-psi auxiliary steam system
and a 150-psi auxiliary steam system, plus
some lower pressure service systems. The
600-psi auxiliary steam system serves some
machinery directly and also suppliesthe 150-psi
system through reducing valves or reducing
stations. The 150-psi auxiliary steam system
serves some units directly and also provides
auxiliary steam for units or systems that re-
quire auxiliary steam at even lower pressures.
Figure 9-16 shows part of a 600-psi auxiliary

"steam system for the two forward plants (No. 1

and No. 4) on a heavy cruiser of the CA 139
class. Note that the system is arranged in
loop form, with cross connections at required
intervals and with branch lines serving the
varfous units and systems. Note, also, that
the auxiliary steam system is, like the main
steam system, basically rather simple.

Ships that havea 1200-psi main steam system
have a 1200-psi auxiliary steam system, a
600-psi auxiliary steam system, a 150-psi
auxiliary steam system, and several constant
and intermittent steam service systems. The
auxiliary steam systems of the DLG 14 and
DLG 15 are described here in some detail as
examples of auxiliary steam systems on ships
having 1200-psi main steam systems.

The 1200-psi and the 600-psi auxiliary steam
systems for the forward plant of the DLG 14
and DLG 15 are shown in figure 8-17.A similar
arrangement exists in the after plant. The
1200-psi ¢ axiliary steam system for each plant
is entirely separate and independent; the 600-
psi syst .s can be cross-connected but are
not normally operated that way. Bach-plant has
two bollers, both of which supply steam to the
1200-psi auxiliary steam system of that plant.

-The steam comes from the desuperheater out-

let of each boiler; it is desuperheated from
approximately 950° F (the operating temperature
at the superheater outlet) to approximately
700° F. Note that the steam in this auxiliary
steam system still has something more than
200° F of superheat, so it is not strictly
‘“‘saturated’”’ steam. The 1200-psi auxiliary
steam lines from each boilerare interconnected
8o that either boiler can provide steam for
everything served by this system.

The 1200-psi auxiliary steam system ‘
plies steam directly to the soot blowers,
forced draft blowers, and the reducing stations
that reduce the pressure from 1200 to 600 psig;

210

it also supplies augmenting steam at 12 psig
to the auxiliary exhaust system, whennecessary.

-The 600-psi auxiliary steam system supplies
steam at 600 psig and approximately 850°F to
both fireroom and engineroom equipment. In
the fireroom, the 600-psi system supplies
steam to the fuel oil service pumps, the main
feed booster pump, the fire pump, and the
reducing stations that reduce the pressurefrom
600 to 150 psig. In the engineroom, the 600-
psi system supplies steam to the standby lube
oil service pump, the main condensate pump,
the main circulating pump, and a reducing
station that reduces the pressure from 600 to
150 psig.

The 150-psi and the 50-psi auxiliary steam
systems for the after plant of the DLG 14 and
DLG 15 are shown in figure 9-18. The forward
plant has similar systems. :

The 150-psi auxiliary steam system in each
plant provides all machinery, equipment, and
connections which require 150-psi steam. This
system also supplies steam to other reduced
pressure systems, via reducing stations, and
may deliver steam to other ships or receive
steam from outside sources through special
piping and deck connections. Another function
of the 150-psi system is to augment the auxi-
liary exhaust system; in fact, this function is
normally performed by the 150-psi system,
although it may be performed directly by the
1200-psi auxiliary steam system when neces-
sary.

Steam for the 150-psi system inthefireroom
is supplied from the reducing stations that
reduce the pressure from 600 to 150 psig. There
are two such stations ineachfireroom.A spray-
type desuperheater reduces the temperature
of the fireroom 150-psi system to 400°F. Ser-
vices and auxiliaries operated from the 150-
psi system in the fireroom include superheater
protection steam,5 service steam systems,
oil heating systems, boiler casing steam
smothering systems, fireroom bilge steam
smothering system, bllge and fuel oil tank
stripping pumps (in No. 1 fireroom and No, 2
engineroom only), steam for burner cleaning
service, and hose connections for boiling out
boilers. In emergencies, the fireroom 150-psi
auxiliary steam system can also supply steam
for some units that are normally supplied by
the engineroom 150-psi system.

Ssuperheater protection steam is discussed in chapter
10 of this text,
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The reducing station that reduces steamfrom
600 to 150 psig in the engineroom supplies
steam at 150 psig and 610°F to the main and
auxiliary air ejectors, the distilling plant air

. ejectors, and the turbine gland seal systems.

Line desuperheaters are not installed in the
150-pst system in the engineroom.

In the No. 2 engineroom, a reducing station
reduces steam pressure from 150 psig to 100
psig and supplies steam at 100 psig and 385°F
to the ship’s laundry and tatlor shop equipment.
This 100-psi auxiliary steam system is called
the 100-pst constant service system.

The 150-psi system also supplies two50-psi
systems-—one a constant service system, one an
intermittent service system. Both of these sys-
tems are shown in figure 9-18.

AUXILIARY EXHAUST SYSTF»'S

The auxiliary exhaust sys.'m receives ex-
haust steam from pumps, force\ draft blowers,

#2 ENGINEROOM #2 FIREROOM

STRAINER To Generators

To Astern
Turbine . 1 ‘

and other auxiliaries which do not exhaust di-
rectly to a condenser. Auxiliary exhaust steam
is used in various units, including deaerating
feed tanks, distilling plants, and (on many ships)
turbine gland seal systems.

The pressure in the auxiliary exhaust system
is maintained at about 15 psig. If the pressure
becomes too high, automatic unloading valves
(dumping valves) allow the excess steam to go
to the main or auxiliary coudensers; in the
event of failure of theseunloadirg valves, relief
valves allow the steam to escapeto atmosphere.
If the pressure in the auxiliary exhaust system
drops too low, makeup steam is supplied from
an auxiliary steam system (usually the 150-psi
system) through augmenting valves.

The auxiliary exhaust system must be clearly
distinguished from the various auxiliary steam
systems. Even though the auxiliary exhaust
system is a steam system, it is not considered
an auxiliary steam system. A reexamination of
figure 9-1 may be helpful at this pointto clarify

#1 ENGINEROOM #1 FIREROOM

0 Astern
¥ Turbine

STRAINER

O DECK OPERATED VALVE
147.78

Figure 9-14.—~Main steam system, DD 445 and DD 692 classes.
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: the relationships between the auxiliary exhaust
: system and the main and auxiliary steam
! systems.

Chapter 9-MACHINERY ARRANGEMENT AND PLANT LAYOUT

: STEAM ESCAPE PIPING

Steam escape piping is installed to provide
an unobstructed passage for the éscape of steam

; from boiler safety valves and from the relief
i valves installed on steam-driven auxiliaries. A
line is also provideu from the auxiliary exhaust

system to the escape piping to allow the aux-
fliary exhaust to unload to atmosphere if the
pressure becomes excessively high. Steam es-
cape piping is usually shown on the same plans

. or drawings as the ones that show the auxiliary
- exhaust piping.

GLAND SEAL AND GLAND

. EXHAUST SYSTEMS

Glagxd sealing steam is supplied to the shaft

s® of propulsion turbines and turbogen-
erator turbines to seal the shaft glands against
two kinds of leakage: (1) air leakage into the
turbine casings, and (2) steam leakage out of

- the turbine casings. These two kinds of leakage

may seem contradictory; however, each kind

. of leakage could occur under some operating
: conditions if the shaft glands were not sealed.

Pressures in the gland seal system are low,
i ranging from about 3/4 psig to 2 psig, depending
. upon the conditions of operation. Gland exhaust
piping carries the steam and air from the tur-
bine shaft glands to thegland exhaust condenser,
where the steam is condensed and returned to
the condensate system.

On most ships, gland sealing steam is sup-
. plied from theauxiliary exhaust system, although
on some ships it is supplied from the 150-psi
auxiliary steam system. In either case, the
. steam {8 supplied through reducing valves or
f reducing stations. Figure 9-19 {llustrates a

p. typical gland seal and gland exhaust system for
g propulsion turbines onanolder typeofdestroyer.

I CONDENSATE AND FEED SYSTEMS

Condensate and féed systems include all the

piping that carries water from the condensers

" GShaft glands are devices for holding various Mbds
¥ ofmmnmpmmmmmw

ngmdiscmudlnclnpteruofm-wu.

to the boilers and from the feed tanks to the
bollers. The condensate system includes the
main and auxiliary condensers, the condensate
pumps, and the piping. The boller feed system
includes the feed booster pump, the main feed
pump, and the piping required to carry water
from the deaerating feed tank to the bolilers.
Together, the ccndensate and feed systems
begin at the condenser and end at the 2conomizer
of the boiler.

It 1s a little hard to say whether the deae-
rating feed tank is part of the condensate system
or part of the boiler feed system, since the
tank is generally taken as the dividing line be-
tween the two systems. The water is called
condensate between the condenser and the
deaerating feed tank. It is called feed water or
bofler feed between the deaerating feed tank
and the economizer of the bofler. Since the
condensate and feed systems actually form
one continuous system, the terms feed system
and feed water system are quite commonly
used to inciude both the condensate system
and the bofler feed system.

Four main types of feed systems have been
used on naval ships: (1) the open feed system,
(2) the semiclosed feed system, (3) the vacuum-
closed system, and (4) the pressure-closed sys-
tem. The development of these systems, in the
sequence listed, has gone along with the deve-
lopment of boilers. As boilers have been de-
signed for higher operating pressures and
temperatures, the removal of dissolved oxygen
from the feed water has become increasingly
inportant, since the higher pressures and tem-
peratures accelerate the corrosive effects of
dissolved oxygen. Each new type of feed system
represents an improvement over the one before
in reducing the amount of oxygen dissolved or
suspended in the feed water.

Since practically all modern naval ships
have pressure-closed feed systems, this is
the only type discussed here. Pressure-closed
systems are used on all naval ships having
boilers operating at 600-psi and above; they
are also used on some ships that have lower
boiler operating pressures.

In a pressure-closed system, all condensate
and feed lnes throughout the system (except
for the very short line between the condenser
and the suction side of the condensate pump)
are under positive pressure. The system is
clogsed to prevent the entrance of air. A pres-
sure-closed system is shown in figure 9-20.
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Figure 9-16.—Part of 600-psi auxiliary steaxh system, CA 139 class.
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Figure 9-18.—Part of 600-psi auxiliary steam system, CA 139 class--Continued.
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Figure 9-19.~Gland seal and gland exhaust system for propulsion turbines (destroyer).

Following this illustration, let us trace the con-
densate and feed system.?

The main condenser is the beginning of the
condensate system. The main condenser is a
heat exchanger in which exhaust steam from the
propulsion turbines is condensed as it comes in
contact with tubes through which cool sea water
is flowing. The condenser is maintained under
vacuum. Condensate is pumped from the con-
denser to the deaerating feed tank by the con-
densate pump. In the deaerating feed tank, the

"The main condenser, the air ejectors, thedeaerating
feed tank, and other major units in the condensate

feed system are discussed in detail in chapter 13°ef,
this text. The desoription given in the present chapter
is intended merely to provide an overall view of the
condensate and feed system.

38.12

water is heated by direct contact with auxiliary
exhaust steam and i8 deaerated; the water (now
called feed water) is pumped to theboiler by the
main feed pump, with thefeed booster pump pro-

viding a positive suction for the mainfeed pump.
Meanwhile, the air ejectors arebeingusedto
remove air and other noncondensable gases from
the condenser. Condensate, on its way from the
main condenser to the deaerating feed tank, is
used in the air ejector condensers and in two
other exchangers (the gland exhaust condenser
and the vent condenser) to cool and condense the
steam from steam-=air mixtures and return the
-resulting water to the feed system. Note that the
air ejectors remove air only from the condenser,
not from this condensate which passes through
the air ejector condensers, the gland exhaust
condenser, and the vent condenser.
. Makeup feed water from reserve feed tanks
or from a makeup feed tank is brought into the

o RR2
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Figure 9-20.—Pressure-closed feed system.

system when necessary. A manually operated
makeup feed valve is provided for this purpose,
Makeup feed is brought into the condenser by
vacuum drag, Another manually operated valve
allows excess condensate to be dischargedfrom

the condensate line to the reserve feed tanks,

, Practically all naval ships have more than
} one feed water system, with cross-connecting
lines and valves arranged so that the systems
] may be operated either split-plant or cross-
j connected. When warming up or securing one
plant, it is often necessary to transfer feed wa-
g ter from one plant to another. For example, it
j might be necessary to transfer feed water from
g one plant to another so that one plant will not
E have to take on cold makeup feed while another
k plant is discharging hot excess feed.

Since reserve feed tanks are normally filled

8 by discharge from the distilling plant, it is sel--

dom necessary to transfer feed water from one
reserve feed tank to another. However, piping

system arrangements do permit this transferto
be made when necessary.

In discussing the condensate andfeed system,
we have not included the auxiliary condenser and
its associated equipment. It should be noted that
the auxiliary condenser functions inthe same way
as the main condenser and returns water to the
condensate and feed system. The chief difference
between main and auxiliary condensers is that
main condensers have larger capacity.

STEAM'AND FRESH WATER DRAINS

Most of the feed water in a shipboard steam
plant is recovered sothat it can beused over and
over again for the generation of steam. As we
haye seen, steam is condensed in the main and
auxiliary condensers and the condensate is re-
turned to the feed system. Also, the auxiliary
exhaust steam is used in the deaerating feed
tank and thus becomes part of the feed system,
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But steam is8 used throughout the ship in a
good deal of machinery, equipment, and piping
which does not exhaust either to a condenser or
to the auxiliary exhaust system. Therefore,
steam and fresh water drain systems are pro-
vided so that water can be recovered and put
back into the feed system after it has been used
(as steam) in fuel oil heaters, distilling plants,
steam catapult systems, water heaters, whistles,
and many other units andsystems throughout the
ship. The systems of piping which carry the wa-
ter to the feed systems, and also the water car-
ried in the systems, are known as drains.

On ships built to Navy Specifications, there
are four steam and fresh water drai: 37stems
which recover feed water from machinery and
piping: (1) the high pressure steam drainage sys-
tem, (2) the service steam drainage system, (3)
the oil heating drainage system, and (4) the fresh
water drain collecting system. In addition, a
fifth system is provided for collecting contami-
nated drains which cannot be returnedto the feed
system. These five systems are described inthe
following paragraphs.

The high pressure steam drainage system
generally includes drains from superheater
headers, throttle valves, main and auxiliary
steam lines, steam catapults (on carriers), and
other steam equipment or systems which operate
at pressures of 150 psiorabove. On many ships,
the high pressure drains are led directly into

the deaerating feed tank. On some newer ships, .

the high pressure drains go into the auxiliary ex-
haust line just before the auxiliary exhaust steam
enters the deaerating feed tank. In either case,
of course, the high pressure drainsendup in the
same place—that is, in the deaerating feed tank,

The service steam drainage system collects
uncontaminated drains from low pressure (below
150 psi) steam piping systems and steam equip-
ment outside of the machinery spaces. Space
heaters and equipment used in the laundry, the
tailor shop, and the galley are typical sources of
drains for the service steam drainage system.
On some ships, these drains are discharged into
the most convenient fresh water drain collecting
tank, On other ships, particularly onlarge com=-
batant ships such as carriers, the service steam
drains discharge to special service steamdrain
collecting tanks located inthe machinery spaces.
The contents of the service steam drain collec-
ting tanks are discharged to the condensate sys-
tem; in addition, eachtank has gravity draincon-
nections to the fresh water drain collecting tank

and to the bilge sump tank located in the same
space.

Note that the service steam drainage system
collects only clean drains which are suitable for
use as boller feed. Contaminated service steam
drains (such as those from laundry presses, for
example) are discharged overboard,

The oil heating drainage system collects
drains from the steam side of fuel oil heaters,
fuel oil tank heating coils, lubricating oil heaters,
and other steam equipment usedtoheat ofl, Since
leakage in the heating equipment could cause ofl
contamination of the drains, and so eventually
cause. oil contamination of the bollers, these
drains are collectedseparately andare ingpected
before being discharged to the feed system.

The oil heating drains are collected in oil
heating drain mains and are then discharged to
inspection tanks. In ships that have separateen-
ginerooms and firerooms, there is one inspec-
tion tank in the fireroom and one in the engine-
room. On ships that have machinery rooms,
ratheyy than firerooms and enginerooms, each
machinery room has one or more inspection
tanks for the ofl heating drains. The inspection
tanks have small gage glasses or glass strips
along the side to permit inspection of the drains.
The inspection tanks normally discharge to the
deaerating feed tank, but they have connections
which allow the drains to be discharged to the
fresh water drain collecting tank.

The fresh water drain collecting system,
often called low pressure drainsystem, collects
drains from various piping systems, machinery,
and equipment which operate at steam pressures

of 1ess than 150 psi. As previouslynoted, both the |

service steam drainage system and the oil

heating drainage system can discharge to the

~ fresh water drain collecting tank, although they

normally discharge more directly to the feed

system. In general, the fresh water drain collec- -

ting system collects gravity drains (open-funnel

or sight-flow drains), turbine gland seal drains, :
auxiliary exhaust drains, air ejector after con-
denser drains, and a variety of other low pres- ;
sure drains that result from the condensationof °

steam during the warming up or operating of
steam machinery and piping.

Fresh water drains are collected in fresh
water drain collecting tanks located in the ma-
chinery spaces. The contents of these tanks may
enter theé Teed system in two ways: they may be

drawn into-the condenser by vacuum drag, or in -
some installations they may be pumped to the :
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condensate system just ahead of the deaerating
feed tank,

A contaminated drainage system is installed

in each main and auxiliary machinery space
where dry bilges must be maintained, The con-
taminated drainage system collects oil and water
from machinery and piping which normally has
some leakage, and also collects drainage from
any other services which may at times be con-
taminated. The contaminated drains are collec-
ted in a bilge sump tanklocated in the machinery
space from which the drains are being collected.
The contents of the bilge sumptank are removed
by the bilge drainage system; they do not go to
the feed system,

FUEL OIL SYSTEMS

Boiler fuel oll systems aboard ship include
fuel ofl tanks, fuel oil piping, fuel oil pumps, and
the equipment used for heating, straining, meas-
uring, and burning fuel oil,

Three main kinds of tanks are usedforhold-
ing boliler fuel ofl: (1) storage tanks, (2)service
tanks, and (3) contaminated oil settling tanks.

The main fuel oil storage tanks are an inte-
gral part of the ship’s structure. They may be
located forward and aft of the machineryspaces,
abreast of these spaces, and in double-bottom
compartments, However, fuel oil storage tanks
are never located in double-bottom compart-
ments directly under boilers, Some fuel oil stor-
age tanks, called fuel oil storage or ballast tanks,
have connections that allow them to be filled ei-
ther with fuel oil or with sea water from the bal-
lasting system. Other fuel oil storage tanks are
designated as fuel oil overflowtanks; these tanks
receive the overflow from fuel oll storagetanks

which are not titted with independent overboard .

overflows, Overflow tanks which can also be
filled with sea water from the ballasting system
are called fuel oll overflow or ballast tanks.
. Fuel oll is taken aboard by means of fueling
trunks or special connections and is piped into
the storage tanks. From the storage tanks, oil is
pumped to the fuel oil.service tanks, Allfuel oil
for immediate use isthendrawnfromtheservice
| tanks. The fuel oil service “anks are considered
part of the fuel oil service system, o

; Contaminated oil gettling tanks are used to
f hold oil which i8 contaminated with water or oth-

E er impurities. After the oil has settled, the un-
¢ burnable material such as water and sludge is
¢, pumped out through low suction connections. The

e
R
b v ”

burnable oil remaining inthe tanks isthentrans-
ferred to a storage tank or a service tank,

The contaminated oil settling tanks also
serve to receive and store oll or oily water un-
til it can be discharged overboard without viola-
tion of the Oil Pollution Acts.8 These Acts pro-
hibit the overboard discharge of oil and of
water containing oil in port and in prohibited
zones in oceans and seas throughout the world,
It is standard practice, therefore, to empty the
contaminated ofil settling tanks before coming in-
to port or into a prohibited zone so that the
tanks will be available for storing oil and oily
water until such time as it can be discharged
overboard or to barges.

Fuel oil tanks are vented to atmosphere by
pipes leading from the top of the tank to a loca-
tion above decks. The vent pipes allow the es-
cape of vapor when the tank is being filled and
allow the entrance of air when the tank is being
emptied, Most fuel oil tanks are equipped with
manholes, overflow lines, sounding tubes, liquid
level indicators, heating coils, and lines for
filling, emptying, and cross-connecting.

The fuel oll piping system includes (1) the
fuel oil filling and transfer system, (2) the fuel
-oil tank stripping system, and (3) the fuel oil
service system, The fuel oil systems are ar-
ranged in such a way that different fuel oil pumps
take suction from the tanks at different levels.
Stripping system pumps have low level suction
connections., Fuel oil service pumps have high
suction connectidons from the fuel oil service

tanks, Fuel oil booster and transfer pumps take

suction above the stripping system pumps,

The fuel oil filling and transfer system is
used for receiving fuel oll and fillingthe fuel oil
storage tanks; filling the fuel oil service tanks;
changing the 1list of the ship by transferring oil
between port tanks and starboardtanks; changing
the trim of the ship by transferring oil between
forward tanks and after tanks; discharging oil

- for fueling other ships; and, in emergencies,

transterring fuel oil directly to the suction side
of the fuel oil service pumps,

The filling system on small ships such as
destroyers consists of a trunk filling and tank
sluicing arrangement. Larger steam-driven
ships have pressure filling systems which are

8The Ofl Palution Act of 1924 (as amended) and the
01l Pollution Act of 1961 are both in effect. The 1961
Act broadens and extends the 1924 Act.
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connected to the transfer mains so that the
filling lines and deck connections can be used
both for receiving and for discharging fuel oil.
Pressure filling systems operate with a mini-
mum pressure of approximately 40 psi at the
deck connections,

In general, the filling and transfer system
consists of large mains running fore and aft;, .
transfer mains; cross-connections; risers for
taking on or discharging fuel oil; fuel oil booster
and transfer pumps; and lines and manifolds
arranged so that the fuel oil booster and trans-
fer pumps can transfer oil from one tank to
another and, when necessary, can deliver fuel
oll to the suction side of the fuel olil service
pumps.

The fuel oil tank stripping system serves to
clear fuel oil storage tanks and fuel oil service
tanks of sludge and water before oil is pumped
from these tanks by fuel oil booster and transfer
pumps or by fuel oil service pumps. The strip-
ping system is connected through manifolds to
the bilge pump or, in some installations, to

special stripping system pumps. The stripping -

system discharges the contaminated oil, sludge,
and water overboard or to the contaminated oil
settling tanks.

The fuel oll service system includes the fuel
oll service tanks, a service main, manifolds,
piping, fuel oil service pumps, meters, heaters,
strainers, burner lines, and other items needed
to deliver fuel oil to the boller fronts at the re-
quired pressures and temperatures. Thefuel oil
service system used on any ship depends partly
on the type of fuel oil burners® installed on the
bollers. Figure 9-21 fllustrates schematically -
a fuel oll service systemtypically found on ships
having double-furnace boilers and straight-
through-flow atomizers in the fuel oil burners.
Figure 9-22 shows the fuel oil service system
for th2 forward plant of the frigates DLG14 and
DLG 15, which use return-flow atomizers in the
fuel oll burners. As may be seen infigure 9-22,
a system of this type requires fuel oil return
lines as well as fuel oll supply lines. Also, the
use of return-flow atomizers in these burners
requires a fuel oil coolerto cool the oil returned
from the burners. The cooler (which is not part
of the fuel oil service system on ships that do
not have return-fiow atomizers) serves to keep

1

v

9l-‘uel oil burners are discussed in chapter 10 of this
text,

the temperature of the returned fuel ofl below
the flash point.

In any type of fuel oil service system, the
suction arrangements for oll service pumps
allow rapid changes of pump suction from one
service tank (or one tank group manifold) to
another. The pump suction piping is arrangedto
minimize contamination that might result from
one service pump taking suction from a service
tank that is contaminated with water.

Three classes of fuel oil service pumps are
commonly used: main fuel oil service pumps,
port and cruising fuel oil service pumps, and
hand or emergency fuel oil service pumps.

Main fuel oil service Fumps are usually
screw-type rotary pumpsliV that are driven by
steam turbines. However, other types of pumps
are used for this purpose on some Ships.

Port and cruising fuel oil service pumps on
recent ships are very similar to the main fuel
oll service pumps except that they are driven
by two-speed electric motors. The capacity of
these pumps can be adjusted by selecting the
required speed of the motor and also by using a
bypass arrangement to recirculate unused oil
from the pump discharge to the pump suction.
On older ships, the port and cruising fuel oil
service pumps may be rotary pumps or they may
be axial-piston variable-stroke pumps; ineither
case, they are normally driven by electric mo-
tors rather than by steam turbines.

Hand or emergency fuel oll service pumps
are used on some ships when boilers must be
lighted offand neither steam nor electric power
is avallable. Most hand or emergency fuel oil
service pumps are herringbone gear pumps. On
recent ships, other means of lighting off without
steam or power are used, andthe hand or emer-
gency fuel ofl service pump is not required.

The fuel oil service system contains a num-
ber of valves, all of which are important to the
safe and efficient operation of the boiler. The
major valves in the fuel oll service system
shown in figure 9-20 are listed here bothto give
gsome idea of the complexity of the fuel oil ser-
vice system and to indicate the degree ofpreci-
sion required of operating personnel in lining
up, operating, securing, and controlling casual-
ties in the fuel oil service system.

L

1oBa.sica'types of pumps are discussed inchapter15 of

this text.
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Figure 9-21.-Fuel oil service system on ship with double furnace boilers
having straight-through-flow atomizers.

Suction and discharge valves allow the pumps .

to be lined up for the delivery of fuel oil. The
remote-operated quick-closing valve in the sup-
ply main on the discharge gide of the,fuel oil

service pump provides a means for rapidly .
shutting off the fuel oil from a remote location, -

The remote operating gear for this valve is
arranged so that the valve may be operated

228 ,

from two places: (1) from the fuel oil pump
itself, and (2) from the fireroom escape trunk
or from the deck above and near the access
to the space. Fuel oil meter and meter bypass
valves allow the fuel oil meter to be used or
‘t0 be bypassed, as the situation requires; the
fuel oil meter is bypassed when oil is being
recirculated. A fuel oil heater bypass valve
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a Figure 9-22.—Fuel oil service system for forward plant, DLC: 14 and DLG 15.

is insialled to permit bypassing the fuel oil
heaters in unusual operating situations. Fuel
oll heater valves control the flow of oil into
the heaters and permit shifting from one heater
to another.

The main fuel oil valve controls the flow
of fuel oil in the line leading to each boiler.
The emergency quick-closing valve can be
operated from both the upper level and the
lower level at the boiler front. In some installa-
tions, a latched-open solenoid valve, arranged
for local tripping, is installed adjacent to each
burner supply manifold; where a solenoid valve
of this type is installed, it takes the place of
the emergency quick-closing valve. .

A micrometer valve is installed at the top
of each burner manifold. The micrometer valve
is used for the manual control of fuel oil pres-

sure; thus it 1s the valve that controls the amount

of ofl being burned in the boiler furnace. From
the burner manifold, a small flexible line goes
to each burner. A small valve called a burner
root valve is installed in each burner line to
permit shutting off the supply of oil to any burner
that 1s not in use. And finally, an atomizer
valve is installed on each burner at theatomizer
connection. This valve allows ofl to go through
the atomizer and be sprayed out into the boiler
furnace in such a way that combustion takes
place. .

At the lower end of each burner manifold,
a recirculating valve is installed. By means of
these valves and the recirculating line, fuel oil
can be returned from the burner manifold to
the -suction side of the fuel oil service pump.
The recirculating line is used to circulate oil
through the fuel oil heaters and thus bring the
ofl up to the proper temperature for lighting
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Chapter 9—MACHINERY ARRANGEMENT AND PLANT LAYOUT

off. A clearing line branches off from the re-
circulating line. Valves in the recirculating
line and in the clearing line permit fuel oil to
be discharged {o the suction side of the fuel oil
service pump or to the contaminated oil settling
tank (or overboard). A check valve in the re-
circulating line prevents the back flow of oil
from the fuel oil suction main; another check
valve at the connection of the clearing line and
the contaminated oil settling tank prevents back
flow from the contaminated’ ofl settling tank
through the clearing line and into the recirculat-
ing line.

The valves just listed are typically found in
fuel oil service systems on ships which-use
straight-through~flow atomizers. Where return-
flow atomizers are used, additional valves are
required in the fuel oil service system to con-
trol the return flow of oil and (in some installa-
tions) te control the flow of oil through a cooler.
Where automatic boiler controls are installed,
still more valves are required in the fuel oil
service system; these include fuel oil supply
and return valves which are operated by the
boiler control system.

BALLASTING SYSTEMS

The ballasting system allows the controlled

flooding of certain designated tanks, when such
flooding 18 required for stability control. All
tanks that are designated as fuel oil and ballast
tanks (and also certain voids) may be flooded
by the ballasting system. Sea water is used for
ballasting; it may be taken from the firemain
or it may be taken directly from sea chests.

Combined ballasting and drainage systems
are arranged so that all designated compart-
ments and tanks canbeballasted either separate-
ly or together and drained either separately or

together. Drainage pumps or eductors are used
to remove the ballast water.

DIESEL OIL AND JP-5 SYSTEMS

Diesel oil systems are found even on steam-
driven ships. Ships that carry large supplies
of diesel oil have fairly complex diesel oil
systems which are quite similar to the boiler
fuel oil systems already described. Although
the diesel oil systems are separate from the
boiler fuel oil systems, they are arranged so
that the diesel oil can be discharged to the fuel
oil service system and burned in the boilerfur-
nace in case of emergency. :

On aireraft carriers, JP-5 aviation fuel can
also be used as hoilerfuel in caseof emergency.
The JP-5 system 1s separate from the boiler
fuel oil system but can be connected so as to
discharge JP-5 to the fuel oil service system.

DISTILLATE FUEL SYSTEM

The Department of Defense has authorized
the Navy to convert to an all-distillate marine
type diesel fuel (Navy Special Distillate Fuel)
(NSDF) to replace the Navy Special Fuel Oil
(NSFO) now in use on steam-driven ships.

Testing is now being conducted on gas tur-
bines and diesel engines for the feasibility of
converting the Navy to a ‘‘one fuel’”’ Navy for
logistic simplicity and reduction of overall
operating costs.

Piping system conversion and changes will
require the upgrading and validation of the
existing systems on all ships using NSFO.
Therefore, all instructions issued by NavShips
and NavSec shall be followed in upgrading and
validation of the existing NSFO systems before
NSDF can be introduced into the system.,

Stability and buoyancy will also be affected
due to the variation in specific gravity of NSFO
(7.9 1bs/gal average) verses NSDF (7.2 1bs/gal
average), therefore, solid ballast will be re-
quired in those ships which are now near the
naval architectural limits for stability. The
existing liquid loading instructions which specify
sea water ballasting of empty fuel tanks will
still remain in effect.

MAIN LUBRICATING OIL SYSTEMS

Main lubricating oil systems on steam-
driven ships provide lubrication for the turbine
bearings and the reduction gears. The main
lube oil system usually includes a filling and
transfer system, a purifying system, and
separate service systems for each propulsion
plant. On most ships, each lube oil service
system inclides three positive-displacement
lube oil service pumps: (1) a shaft-driven pump,
(2) a turbine-driven pump, and (3) a motor-
driven pump. The shaft-driven pump, attached
to and driven by either the propulsion shaft or
the quill shaft of the reduction gear, is used
as the regular lube oil service pump when the
shaft is turning fast enough so that the pump
can supply the required lube oil pressure. The
turbine-driven pump is used while the ship is
getting underway and is then used as standby
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at normal speeds. The motor-driven pump
serves as standby for the other two lube oil
service pumps,

Figure 9-23 illustrates the lube oil supply
and lube oil drain piping of the service system
on the frigates DLG 14 and DLG 15.

COMPRESSED AIR SYSTEMS

Completely independent comprassedair sys-
tems with individual compressora include the
high pressure air system, the ship’s service
air system, the aircraft starting and cooling
air system, the combustion control air system,
the air deballasting system, and the o¥ygen-
nitrogen producer air system. For other ser-
vices, air is taken from the high pressure
system or from the ship’s service air system,
as required. Air is provided by high pressure,
medium pressure, or low pressure-air com-
pressors, as appropriate. .

The high pressure air system is designed
to provide air above 600 psi and up to 5000 psi
for charging air banks and, at required pres-
sures, for services such as missiles, diesel
engine starting and control, torpedo charging,
and torpedo workshops. When air is required
for these services at less than the system pres-
sure, the outlet from the high pressure air
system 1is equipped with a reducing valve.

Air for diesel engine starting and control
is provided on some ships by a medium range
compressure at a pressure of 600 psi or from
the high pressure system, through appropriate
reducing valves.

The ship’s service compressed air system is
a low pressure system that is installed on
practically all surface ships. This system pro-
vides compressed air at the required pressure
for the operation of pneumatic tools, the opera-
tion of oil-burning forges and furnaces, the
charging of pump air chambers, the cleaning
of equipment, and a variety of other uses. The
ship’s service air system is normally designed
for a working pressure of 100 psi; on ships

such as tenders and repair ships, however,.

where there is a greater demand for air, the
system is designed for a higher working pres-
sure (usually about 125 psi). The ship’s service
air system is normally supplied from a low
pressure air compressor; on some ships, how-
ever, the system may be suppliedfromahigher
pressure system, through reducing valvés.
An aircraft starting and cooling air system
is installed on aircraft carriers..This system

is designed to provide air at various tempera-
tures (50° to 500° F) and pressures (48 psia to
62 psia) by gas turbine. The system supplies
compressed air to meet the conditions of starting
and cooling aircraft being served.

Combustion control air systems (more pro-
perly called boiler control air systems) are
installed on some ships to prov.de supply air
for the pneumatic units in automatic boiler
control systems. A boiler control air system
usually consists of an air compressor, an air

receiver, and the piping required to supply -

air to all units of the boiler control system
On some older ships, compressed air for the
operation of the boiler controls is taken from
the ship’s service air system, through reducing
valves.

An air deballasting system is provided on
some ships for deballasting by air. Thissystem
is designed to provide large quantities of air
(7500 cubic feet per minute) at low pressure
(200 psi). All compressors discharge to a com-

mon air loop disti‘bution which feeds allballast ' .

tanks,

Oxygen-nitrogen producer air systems are
installed on aircraft carriers and submarine
tenders. The air is supplied by high pressure
air compressors, via oil filters and moisture
separators, directly to the oxygen-nitrogen
producer.

FIREMAIN SYSTEMS

_ The firemain system receives waterpumped
from the sea and distributes it to fireplugs,
sprinkling systems, flushing systems, auxiliary
machinery cooling water systems, washdown
systems, and other systems as required.

There are three basic types of firemain
systems used on naval ships: the single main
system, the horizontal loop system, and the
vertical loop system. The type of firemain
system installed in any particular ship depends
upon the characteristics and functions of the
ship. Small ships generally have single main
firemain systems; large ships usually have
one of the loop systems or a composite system
which is some combination or variation of the
three basic types.

The single main firemain system consists
of one main which extends fore and aft. The
main is: generally installed near the centerline
of the ship, extending as far forward and as far
aft as necessary. The horizontal loop firemain

system consists of two single fore-and-aft
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Figure 9-23.—Lubricating ol service system,DI.G 14 and DLG 15.
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cross-connected mains. The two mains are
installed in the same horizontal plane but are
separated athwartships as far as practicable.
In general, the two mains are installed on the
damage control deck. The vertical loopfiremain
system consists of two single fore-and-aft
cross-connected mains. The two mains are
separated both athwartship and vertically. As
a rule, the lower main is locaied below the
lowest complete watertight deck and the upper
main 18 located below the highest complete
watertight deck.

FLUSHING SYSTEMS

The shipboard flushing system is supplied
with sea water by a branch from the firemain.
On very small ships, a separate sanitary and
flushing pump is provided which takes suction
from the sea. When the flushing system is
suppliedfrom the firemain, the branch is taken
as near the top of the main as possible so that
sediment from the firemain will not enter the
flushing system. Since the firemain pressure is
too high for a flushing system, the water is
led through a strainer to a reducing valve which
reduces the pressure to 35 psi. Air chambers
are installed in the flushing system where it
runs to urinals and water closets; the air
chambers absorb water hammer caused by the
quick ciosing of the flush valves and spring-
closing faucets.

DRAINAGE SYSTEMS

The drainage system aboard ship is divided
into two parts: (1) the main and secondary sys-
tems, and (2) the plumbing and deck drains.
Between them, these systems collect anddispose
overboard all the shipboard waste fluids.

The main drainage system consists of piping
installed low in the ship, with suction branches
to spaces to be drained and direct connections
to eductors or drainage pumps. This system
generally serves the main machinery spaces
and a few other spaces.

The secondary drainage system supplements
the main drainage system wherever the main
drainage system cannot be extended because of
interference of spaces throughwhichthe passage
of piping is prohibited or because the length of
piping would be too great for efficiefit drainage.
Each secondary drainage system is independent
of “the main drainage system and has its own
pumps or eductors and its own sea connections.

Plumbing and deck drains are divided into

‘two groups—soil drains and waste drains. Soil

drains convey fluids from urinals and water
closets. Waste drains convey fluids from all
other plumbing fixtures and deck drains.

SPRINKLING SYSTEMS

Sprinkling systems are installed aboard ship
in magazines, turret handling rooms, hangar
decks, missile spaces, and other spaces where
flammable materials are stowed. Water for
these systems is supplied from the firemain
through branch lines.

Most sprinkling systems aboard ship are
of the dry type—that is, they are not charged
with water beyond the sprinkling control valves
except when they are in use. Sprinkling systems
in magazines which contain missiles are of the
wet type. The sprinkling control valves in
magazine sprinkling systems are operated auto-
matically by heat-actuated devices. Other
sprinkling control valves are operated manually
or hydraulically, either locally or from remote
stations. In those areas of the ship in which
major flammable liquid fires could occur,
such as in aircraft hangars, foam sprinkling
systems are provided.

WASHDOWN SYSTEMS

Washdown systems are installed aboard ship
for the purpose of removing radioactive con-
tamination from the topside surfaces of a ship.
Essentially, a washdown system is a dry-pipe
sprinkler system, with nozzles especially de-
signed to throw a large spray pattern on all
weather decks. For ships under cons{ruction
or conversion, a permanent washdown system
is installed; for ships already in service,
interim washdown system kits are provided
for installation by ship’s force. In either case,
water for the washdown system is supplied
from the firemain.

POTABLE WATER SYSTEMS

Potable water systems are designed to pro-
vide a constant supply of potable water for all

ship’s service requirements. Potable water is, '

stored in various tanks throughout the ship.
The system is pressurized either by a pump
and pressure tank or by a continuously opera-
ting circulating pump. The potable water system
supplies scuttlebutts, sinks, showers, scullery,
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and galley, as well as providing makeup water
for various fresh water cooling systems.

HYDRAULIC SYSTEMS

Hydraulic systems are used aboard ship to
operate steering gear, anchor windlasses, hy-
draulic presses, remote control valves, and
other units.11 Hydraulic systems operate onthe
principle that, since liquids are noncompres-
sible, force exerted at any point on an enclosed
liquid is transmitted equally in all directions.
Hence a hydraulic system permits the accom-
plishment of a great amount of work with re-
latively little effort on the part of shipboard
personnel.

The medium used to transmit and distribute
forces in hydraulic systems maybe a petroleum-
base product (hydraulic oil) or a pure phosphate
ester fluid. Phosphate ester fluid is more re- .
sistant to fire and explosion than the petroleum-
base oil that was used in all hydraulic systems
until fairly recently. Phosphate ester fluid is
now used in aireraft carrier elevators, surface
ship missile systems, jet blast deflectors,
seaplane servicing booms, high pressure sub-
marine systems, and all hydraulic sysiems
operating at pressures of more than 500 psi
in new construction and conversion surface
ships.

METHODS OF PROPULSION
PLANT OPERATION

The major engineering systems on most
naval ships are provided with cross-connections
which allow the engineering plants to be opera-

11Many hydraulically operated units are discussed in
chapter 21 of this text. ~
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ted either independently (split-plant) or together
(cross-connected). In cross-connected opera-
tion, boilers may supply steam to propulsion
turbines which they do not serve when the plant
is split. In split-plant operation, the boilers,
turbines, pumps, blowers, and other machinery
are so divided that there are two or more
separate and complete engineering plants,
Cross-connected operation was formerly
standard for peacetime steaming, and split-
plant operation was used only when maximum
reliability was required—as, for example, when

‘a ship was operating in enemy waters in time

of war, operating in heavy seas, maneuvering
in restricted waters, or engaged in underway
fueling. However, the greater reliability of
split-plant operation has led to its increasing
use. At the present time, split-plant operation
is the standard method of underway operation

-for most naval ships; cross-connected opera-

tion is used for in-port steaming but is rarely
used for underway steaming.

On some ships the engineering plants can be
operated by a method known as group operation.
For example, the USS Forrestal, CVA 59, has
four separate propulsion plants. The two for-
ward plants (No. 1 and No. 4) constitute the
forward group and the two after plants (No. 2
and No. 3) conatitute the after group. Although
each of these four plants is normally used for
the independent (split-plant) operation of one
shaft, the boilers in any one plant canbe cross-
connected to supply steam to the turbines in the
other plant in the same group. While undervay,
therefore, the boilers in the No. 1 plant can be
cross-connected to supply steam to the No. 4
plant, although they cannot be eross-connected
to supply steam to the two plants in the other
group. For in-port operation, any boiler can be
cross-connected to supply steam to any turbo-
generator and to all other steam-driven auxili-
aries.




CHAPTER 10
PROPULSION BOILERS

In the conventional steam turbine propulsion
plant, the boiler is the source or high tempera-
ture region of the thermodynamic cycle. The
steam that is generated in the boller is led to
the propulsion turbines, where its thermal
energy is converted Into mechanical energy
which drives the ship and provides power for
vital services. .

In essence, a boiler is merely a container
in which water can be boiled and steam gen-
erated. A teakettle on a stove is basically a
boiler, although a rather inefficient one. In
designing a boiler to produce a large amount
of steam, it is obviously necessary to find some
means of providing a larger heat transfer sur-
face than is provided by a vessel shaped like a
teakettle. In most modern boilers, the steam
generating surface consists of between one and
two thousand tubes which provide a maximum
amount of heat transfer surface in a relatively
small space. As a rule, the tubes communicate
with a steam drum &t the top of the boiler and
with water drums and headers at the bottom of
the boiler. The tubes and part of the drums are
enclosed in an insulated casing which has space
inside it for a furnace. As we will see presently,
a boller appears to be afairly complicatedpiece
of equipment when it is considered with all its
fittings, piping, and accessories. It maybe help-
ful, therefore, to remember that the basic com=-
ponents of a saturated-steam boiler are merely
the tubes in which steam is generated, the drums
and headers in which water is contained and
steam is collected, and the furnace in which
combustion takes place.

Practically all boilers used inthepropulsion
- plants of naval ships are designed to produce

both saturated steam and superheated steam.

To our basic boiler, therefore, we must nowddd

another component: the superheater. The super-

heater on most bollers consists of headers,

usually loeated at the back or at the bottom of
ALty 0 halkd

J

the boiler, and a number of superheater tubes
which communicate with the headers. Saturated
steam from the steam drum is led through the
superheater; since the steam is now no longer
in contact with the water from which it was gen-
erated, the steam becomes superheated without
any appreciable increase in pressure as addi-
tional heat is supplied. In some bolilers, there is
a separate superheater furnace; in others, the
superheater tubes project into the same furnace
that is used for the generation of saturated
steam.,

Some question may arise concerning theneed
for both saturated steam and superheated steam.
Many steam-driven auxiliaries—particularly if
they have reciprocating engines--require satu=-
rated steam for the lubrication of the moving
parts of the driving machine. The propulsion
turbines, on the other hand, and many auxiliaries
as well, perform much more efficiently when
superheated steam is used. There is more avail-
able energy in superheated steam than in satu=-
rated steam at the same pressure, and the use of
higher temperatures vastly increases the ther-
modynamic efficiency of the propulsion cycle
since. the efficiency of a heat engine depends upon
the absolute temperature at the source (boiler)
and at the receiver (condenser). In some in-
stances, the gain in efficiency resulting fromthe
use of superheated steam may be as muchas 15
percent for 200 degrees of superheat. This in-
crease in efficiency is particularly important for
naval ships because it allows substantial savings
in fuel consumption and in space and weight re-
quirements. A further advantage inusingsuper=-
heated steam for propulsion turbines is that it
causes relatively little erosion or corrosion
since it is free of moisture. '

BOILER DEFINITIONS

In order to ensure accuracy and uniformity
in the use of boiler terms, the Naval Ship Systems
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Chapter 10—-PROPULSION BOILERS

Command has established a number of standard
definitions relating to boflers. Since these terms
are quite widely used, the student will find it
helpful to understand the following terms and
to use them correctly.

BOILER FULL-POWER CAPACITY.~The
total quantity of steam required to develop con-
tract shaft horsepower of the ship, divided by
the number of boilers installed inthe ship, gives
boiler full-power capacity. Boiler full-power
capacity is expressed as the number of pounds
of steam generated per hour ataspecifiedpres-
sure and temperature, Boiler full-power capac-
ity is listed in the design data section of the
manufacturer’s technical manual for the boilers
on each ship; it may be listed as capacity at full
power or as designed rate of actual evaporation
per boiler at full power.

BOILER OVERLOAD CAPACITY.-—Boller
overload capacity is usually 120 percent of
boiler full-power capacity., Boiler overload
capacity is listed in the design data section of
the manufacturer’s technical manual for the
boilers; it may be listed as boller overload
capacity or as full power plus 20 percent.

SUPERHEATER OUTLET PRESSURE.-Su-
perheater outlet pressure is the actual steam
pressure carried at the superheater outlet.

STEAM DRUM PRESSURE.=Steam drum
pressure is the pressure actually carried inthe
boiler steam drum,

OPERATING PRESSURE,-Operating pres-
sure is the constant pressure at which the boiler
is operated in service. Depending upon-various
factors, chiefly design features of the boiler, the
constant pressure may be carried at the steam
drum or at the superheater outlet. Operating
pressure is specified in the design of the boiler
and is given in the manufacturer’s technical
manual. Operating pressure is the same as
superheater outlet pressure or steam drum
pressure (depending upon which is used as the
controlling pressure) only when the boiler is
operating at full-power capacity, for combatant

ships, or some other specified rate, for other

ships. When the boller is operating-at less than
full-power capacity (or other’ specified rate),
the actual pressure at the steam drum or at the
superheater outlet will vary from the designated
operating pressure.

DESIGN PRESSURE,-Designr pressure is the
pressure specified by the boller manufacturer
as a criterion for boller design. It is often
approximately 103 percent of steam drumpres-
sure. Operating personnel seldom have occasion
to be concerned with design pressure; the term
is noted here because there is a good deal of
confusion between designpressure and operating
pressure. The two terms do not mean the same
thing.

DESIGN TEMPERATURE,—Design tempera-
ture is the intended maximum operating tem-
perature at the superheater outlet, at some
specified rate of operation. The specified rate
of operation is normally full-power capacity for
combatant ships.

OPERATING TEMPERATURE.—Operating
temperature is the actual temperature at the
superheater outlet. As a rule, operating tem-
perature is the same as design temperature
only when the boller is operating at the rate
specified in the definitionof designtemperature,

BOILER EFFICIENCY.—~The efficiency of a
boller is the ratio of the Btu per pound of fuel
absorbed by the water and steam to the Btu per
pound of fuel fired, In other words, boiler effi-
ciency is output divided by input, or heat uti-
lized divided by heat available. Boiler efficiency
Is expressed as a percentage.

FIREROOM EFFICIENCY,.—Boiler Efficien-
¢y corrected for blower and pump steam con-
sumption is called fireroom efficiency. Note:
Fireroom efficiency is NOT boiler plant effi-
ciency or propulsion plant efficiency.

STEAMING HOURS.—The term steaming
hours is used to include all time during which
the boiler has fires lighted for raising steam
and all time during which steam is being gen-
erated. Time during which fires are not lighted
is not included in steaming hours.

HEATING SURFACES.—The total heating
surface of a boiler includes all parts of the
boiler which are exposedon one side to the gases
of combustion and on the other side tothe water
and steam being heated. Thus the total heating
surface equals the sum of the generating surface,
the superheater surface, and the economizer
surface. All heating surfaces are measured on
the combustion gas side.
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The generating surface is that part of the
total heating surface in which water is being
heated and steam is being generated. The gen-
erating surface includes the generating tubes,
the water wall tubes, the water screen tubes,
and any water floor tubes that are not covered
by refractory material.

The superheater surface is that part of the
total heating surface in which the steam is
superheated after leaving the boiler steam drum.,

The economizer surface is that portion of the
total heating surface in which the feed water is
heated before it enters the generatingpart of the
boiler. :

DESUPERHEATERS.—On boilers with non-
controlled superheaters, all steam is super-
heated but 8 small amount is redirected through
a desuperheater line. The desuperheater can be
located in either the water or the steam
drum; most generally, the desuperheater will be
found in the steam drum below the normal water
level. The purpose of the desuperheater is to
lower the superheated steam temperature back
to or close to saturated steam temperature for

the proper steam lubrication of the auxiliary

machinery. The desuperheater is most generally
an ‘‘S” shaped tube bundle that is flanged to the
superheater outlet on the inlet side and the
auxiliary steam stop on the outlet side.

BOILER CLASSIFICATION

Although boilers vary considerably in details |

of design, most boilers may be classified and
described in terms of a few basic features or
characteristics, Some knowledge of these meth~
ods of classification provides a useful basis for
understanding the design and construction of the
various types of modern naval boilers.

Location of Fire and Water Spaces

One basic classification of boilers 18 made
according to the relative location of the fire and
water spaces. By this method of classification,
all boilers may be divided into two classes: fire-
tube boilers and water-tube boilers. Infire-tube
bollers, the gases of combustion flowthrough the
tubes and thereby heat the water which sur-
rounds the tubes. In water-tube boilers, the
water flows through the tubes and is heated by
the gases of combustion that fill the furnace and

heat the outside metal surfaces of the tubes.

All boilers used in the propulsion plants of
modern naval ships are of the water-tube type.
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Fire-tube boilers! were once used extensively
in marine installations and are still used in the
propulsion plants of some older merchant ships.
However, fire-tube boilers are not suitable for
use as propulsion boilers in modern naval ships
because of their excessive weight and size, the
excessive length of time requiredtoraise steam,
and their inability to meet demands for rapid
changes in load. The only fire-tube boilers cur-
rently lél naval use are some small auxiliary
boilers.

‘Type of Circulation

Water-tube boilers are further classified
according to the cause of water circwation, By
this mode of classification, we have natural
circulation boilers and controlied circulation
boilers. ‘

In natural circulation boflers, the circulation

of water depends on the difference between the .

density of an ascending mixture of hot water and
steam and a descending body of relatively cool
and steam-free water. The difference in density
occurs because the water expands as it is heated
and thus becomes less dense. Another way to
describe natural circulation is to say that it is
caused by convection currents whichresult from
the uneven heating of the water contained in the
boller.

Natural circulation may be either free or
accelerated. Figure 10-1 illustratesfrec natural
circulation. Note that the generating tubes are
installed at a slight angle of inclination which
allows the lighter hot water and steam to rise
and the cooler and heavier water to descend.
When the generating tubes are installed at a
greater angle of inclination, the rate of water
circulation is definitely increased. Therefore,
boilers in which the tubes slope quite steeply
from Steam drum to water drum are said.to
have accelerated natural circulation. This type
of circulation is illustrated infigure10-2.

Most modern naval boilers are designed for
accelerated natural circulation, In suchboilers,
large tubes (8 or more inches in diameter) are

lAs, for example, the old "Scotch marine boiler,"

2Amdua.ry boilers (some water-tube, some fire=tube)
are installed indiesel-drivenships and inmany steam-
driven combatant ships. They are usedto supply steam
or hot water for galley, and other "hotel" services
and for other auxiliary requirements in port.
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Figure 10-1.—Natural circulation (free type).
installed between the steam drum and the water

drums. These large tubes, called downcomers,

are located outside the furnace and away from
the heat of combustion, thereby servingaspath-
ways for the downward flow of relatively cool
water. When a sufficient number of downcomers
are installed, all small tubes can be generating
tubes, carrying steam and water upward, and all
downward flow can be carried by the down-
comers. The size and number of downcomers
installed varies from one type of boiler to an-

. other, but some are installed onall modernnaval
bollers,

Controlled circulation boilers are, as their
name implies, quite different in design fromthe
boilers that utilize natural circulation. Con-
trolled circulation boilers depend upon pumps,
rather than upon natural differences in density,
for the circulation of water within the boiler.
Because controlled circulation boilers are not
limited by the requirement that hot water and
steam must be allowed to flow upward while
cooler water flows downward, a great variety of
arrangements may be found in controlled circu-
lation boilers. :

Controlled circulation boilershave beenused
- in a few naval ships during the past few years.
8 In general, however, they are still considered
£ more or less experimental for naval use,

Arrangement of Steam and
Water Spaces

Natural circulation boilers are classified as
drum-type boilers or as header-type boilers,
depending upon the arrangement of the steam
and water spaces. Drum-type boilers have one
or more water drums (and usually one or more
water headers as well). Header-type bollers
have no water drum; instead, the tubes enter a
great many water headers.

What is a header, and what is the difference
between. aheader and a drum? The term HEADER
is commonly used in engineeringto describe any
tube, chamber, drum, and similar piece to which
a series of tubes or pipes are connected in such a
way as to permit the flow of fluid from one tube
(or group of tubes) to another. Essentially, a
header is a type of manifold, As far as bollers
are concerned, the only distinction between a
drum and a header is the distinction of size,
Drums are larger than headers, but both serve
basically the same purpose.

Drum-type boilers are further -classified
according to the overall configuration of the
boller, with particular regard to the shape
formed by the steam and water spaces, For
example, double-furnace boilers are oftencalled
‘“M-type bollers’’ because the arrangement of
tubes is roughly M-shaped. Single-furnace
bollers are often called ‘‘D-type boilers’” be-
cause the tubes form (roughly) the letter D.3

Number of Furnaces

All boilers that are now commonly used in
the propulsion plants of naval ships may be
classified as being either single-furnacebollers
or double-furnace boilers. The D-type boller is
a single-furnace boiler; the M-type boller is a
double-furnace (or divided-furnace) boiler.

Furnace Pressure

Recent developments in naval boilers make it
convenient to clagsify boilers on the basis of the

3An interesting variation in this terminologyoccurred
when the single-furnace or D-type boiler became
standard for steam~driven destroyer escorts andthus
subsequently became known. as a "DE=-type boiler."
The term "DE-type hoiler" is still used ratherfreely;
its use should be discouraged, however, as this gen=-
eral type of boiler i8 now installed on many ships
other than destroyer escorts.
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COOL WATER
FLOWS DOWN

Vy MIXTURE OF
HOT WATER
AND STEAM
FLOWS UP

139.17
Figure 10-2,—~Natural circulation
(accelerated type).

air pressure used in the furnace. Most boilers
now in use in naval propulsion plants operate
with a slight air pressure (seldom over 10 psig)
in the boller furnace. This slight pressure, which
results from the use of forced draft blowers to
supply combustion air to the boilers, is not suf-
ficient to warrant calling these boilers ‘‘pres-
surized-furnace bollers.’”” However, a new type

of boiler has recently appeared on thesceneand .

is being installed in some ships. Thisnew boiler
is truly a pressurized-furnace boller, since the
furnace is maintained under a positiveatr pres-
sure of approximately 65 psia (about 50 psig)
when the boller is operating at full power. The
air pressure in the furnace is maintained by a
special air compressor. Hence we must now
make adistinctionbetween this newpressurized-
furnace boiler, on the one hand, and all other
naval propulsion bollers, on the other hand, with
respect to the pressure maintained in the fur-
nace.

Type of Superheater

On almost all boilers currently used in the
propulsion plants of naval ships, the superheater
tubes are protected from radiant heat by water
screen tubes. The water screen tubes absorb
the intense radiant heat of the furnace, and the
superheater tubes are heated by convection
currents rather than by radiation. Hence, thé
superheaters are referred toas convection-type
gsuperheaters. '

On a few older ships, the superheater tubes
are not screened by water screen tubes but are

exposed directly to the radiant heat of the fur-
nace. Superheaters of this kind are called
radiant-type superheaters. Although radiant-
type superheaters are rarely used at present, it
is possible that they may come into useagain in
future bofler designs,

Control of Superheat

A boliler which provides some means of con=
trolling the degree of superheat independently of
the rate of steam generation is said to have
controlled superheat. A boiler in which such
separate control 18 not possible is said to have
uncontrolled superheat.

Until recently, the term superheat control
boiler was ugsed to identify a double-furnace
boiler and the term uncontrolled superheat

" boller (or no control superheat boiler) was used

to identify a single-furnace boiler. Most double-
furnace bollers now in use do, in fact, have
controlled superheat, and most single-furnace
bollers do not have controlled superheat. How-
ever, recent developments inboller design make
superheat control independent of the number of
furnaces In the boiler. Single-furnace bollers
WITH controlled superheat and double-furnace
boilers WITHOUT controlled superheat are both
possible. The time has come, therefore, to stop
relating the number of furnaces in a boller to
the control (or lack of control) of superheat.

Operating Pressure

For some purposes it is convenient to clas-
sify boilers according to operating pressure.
Most classifications of thistype are approximate
rather than exact. Header-type bollers and some
older drum-type boilers are often called ‘‘400-
psi boilers’’ eventhoughthe operatingpressures
may range from 300 psi (or evenlower)to about
450 psi. The term ‘‘600-psi boiler’’ is often
applied to various double-furnace and single-
furnace bollers with operating pressures ranging
from about 435 psi to about 700 psi. '

The term ‘‘high pressure boiler’’ isatpres-
ent used rather loosely to identify any boiler
that operates at substantially higher pressure
than the so-called ‘‘600-psi bollers.’” In gen-
eral, we will consider any boller that operates
at 751 psi or above as a high pressure boller.
A good many boilers recently installed on naval
ships operate at approximately 1200 psi; for
some purposes, it is convenient to group these
boilers together and refer to them as ‘‘1200-psi
boilers,”’
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As may be seen, classifying boilersby oper-
ating pressure is not very precise, since actual
operating pressures may vary widely within one
group. Also, any classification based onoperat-
ing pressure may easily become obsolete. What
is called a high pressure boiler today might well
be called a low pressure boiler tomorrow.

BOILER COMPONENTS

Most propulsion boilers now used by the
Navy have essentially the same components:
steam and water drums, generating and circu-
lating tubes, superheaters, economizers, fuel
oil burners, furnaces, casings, supports, and a
number of accessories and fittings required for
boiler operation and control. The basic com-
ponents of boilers are described here. In later
gsections of this chapter we will see how the
components are arranged to form various com-
mon types of naval propulsion boilers.

Drums and Headers

Drum-type boilers are installed in the ship
in such a way that the long axis of the boller
drums will run fore and aft rather thanathwart-
ships, so that the water will not surge from one
end of the drum to the other as the ship rolls.

The steam drum is located at the top of the
botler. It is cylindrical in shape, except that on
some boilers, it may be slightly flattened along
its lower curved surface. The steam drum re-
ceives feed water and serves as a place for the
accumulation of the saturated steam that is gen-
erated in the tubes. The tubes enter the steam
drum below the normal water level of thedrum.
The steam and water mixture from the tubes
goes through separators which separate the
water from the steam.

. Figure 10-3 shows the way in which a steam
drum is constructed. Two sheets of steel are
rolled or bent to the required semicircular
shape and then welded together. The upper sheet
is called the wrapper sheet; the lower sheet is
called the tube sheet. Notice that the tube sheet
is thicker than the wrapper sheet. The extra
thickness I8 required in the tube sheettoensure
adequate strength of the tube sheet after the
holes for the generating tubes have beendrilled.
The ends of the drum are enclosed with drum-
heads which are welded to the shell, as shown in
figure 10-4. One drumhead contains 2 manhole
which permits access to the ‘drum for inspec-
tion, cleaning, and repair.

38.19
Figure 10-3.—Boiler steam drum.

The steam drum either contains or is con-
nected to many of the important fittings and
instruments required for the operation and
control of the bofler. These fittings and controls
are discussed separately in chapter 11 of this
text.

Water drums and water headers equalize the
distribution of water to the generating tubes and
provide a place for the accumulation of loose
scale and other solid matter that maybe present’
in the boiler water. In drums-type boilers, the
water drums and water headers are at the

{ WRAPPER SMEET)

MANHOLE
PLATE

ORUM SHELL
{ TUBE SHEET)

38.20
Figure 10-4,—Drumhead secured tosteam drum
shell.
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bottom of the boiler. Water drums are usually
round in cross section; headers may be round,
oval, or square. Headers are provided with
access openings of the type shown in figure
10-5. Water drums are usually made with man-
holes similar to the manholes in steam drums.

HANDHOLE PLATE

HEADER SHELL

GASKET

NUT

38.21
Figure 10-5.—Header handhole and . handhole

plate.
Generating and Circulating Tubes

Most of the tubes in a boiler are generating
or circulating tubes. There are four main kinds
of generating and circulating tubes: (1) gener-
ating tubes in the main generating tube bank; (2)
water wall tubes, (3) water screen tubes, and
(4) downcomers. The tubes are made of steel
similar to the steel used for the drums and
headers. Most tubes in the main generating
bank are about 1 inch or 1 1/4 inches in outside
diameter. Water wall tubes, water screentubes,
and the two or threerows of generatingtubes next
to the furnace are generally a little larger.
Downcomers are larger still, being onthe aver-
age about 3 to 11 inches in outside diameter.

Since the steam drum is at the top of the
boller and the water drums and headers are at
the bottom, it is obvious that the generating and
circulating tubes must be installed more or less
vertically. Each tube enters the steamdrum and
the water drum (or water header) at right angles
to the drum surfaces. This means that all tubes
in any one row are curved in exactly the same
way, but the curvature of different rows is not
the same. Tubes are installed normal to the
drum surfaces in order to allow the um

number of tube holes to be drilled in the tube -

sheets with a minimum weakening of the drums,
However, nonnormal installation is permitted if
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certain advantages can be achieved in design
characteristics.

What purpose do all these generating and
circulating tubes serve? The generating tubes
are the ones in which most of the saturated
steam is generated. The water wall tubes serve
primarily to protect the furnace refractories,
thus allowing higher heat release rates than
would be possible without this protection. How=-
ever, the water wall tubes are also generating
tubes at high firing rates. Water screen tubes
protect the superheater from direct radiant heat.
Water screen tubes, like water wall tubes, are
generating tubes at high firing rates. Down-
comers are installed betweenthe inner and outer
casings of the boller to carry the downward flow
of relatively cool water and thus maintain the
boller circulation. Downcomers are not designed
to be generating tubes under any conditions.

In addition to the four main types of gen-
erating and circulating tubes just mentioned,
there are a few large superheater support tubes
which, in additiontoproviding partial support for
the steam drum and for the superheater, serve
as downcomers at low firing rates and as gen—
erating tubes at high firing rates.

Since a modern boller is likely to contain
between 1000 and 2000 tubes, some system of
tube identification is essential. Generating and
circulating tubes are identified by LETTERING
the rows of tubes and NUMBERING the indi-
vidual tubes in each row. A tube row runs from
the front of the boiler to the rear of the boiler.
The row of tubes next to the furnace is row A,
the next is row B, the next is row C, and so
forth. If there are more than 26 rows in a tube
bank, the rows after Z are lettered AA, BB, CC,
DD, EE, and so forth. Each tube in each row ls
then deslgnated by a number, beginning with 1
at the front of the boiler and numbering back
toward the rear.

The letter which identifies a tube row is
often preceded by an R or an L, particularly
in the case of water screen tubes, superheater
support tubes, and furnace division wall tubes.
When an R or an L is used AFTER the regular
letter and number identification of atube, it may
indicate either that the tube is bent for a right-
hand or left-hand bofler or that the tubé is
studded or finned on the right-hand side or on
the left-hand side.
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Figure 10-8 shows a Boiler Tube Renewal
Sheet for a double-furnace boiler and {llustrates
the method used to identify tubes.

The water wall tube row is not identified by
a letter in figure 10-6. Thetubes inthis row are
often identified by the letter W and a following
letter which indicates the type of tube or its
position in the row. Still another letter (an R or
an L) may be added to indicate that the tube is
studded or finned on the right-hand side or on
the left-hand side.

The tubes which screenthe superheater from
direct radiant heat are identified in figure 10-6
as the LA, LB, and L.C rows. Within each row,
the individual tubes are numbered: LA-1, LA-2,
LA-3, and so forth.

Figure 10-6 identifies the superheater sup-
port and drum support tubes as the LD row.
Note that these are NOT superheater tubes.
The superheater tubes in this boiler, as in most
bollers, are installed horizontally. The super-
heater support tubes and the drum support tubes
are installed vertically; they are identified as
LD-1, LD-2, LD-3, and so forth.

’l‘he first row of division wall tubes is iden-
tified infigure 10-6 as the LE row. The second
row of division wall tubes may be identified as
the LF row or a8 the D row. Identification of
tubes in this row is usually made by using the
row identification (LF, D, or whatever row
identification is used for the particular boiler)
followed by a letter to indicate the type of tube
or its position in the row; still another letter
(an R or an L) may be added to indicate that the

tube is studded or finned on the right-hand side

or on the left-hand side.

Tubes in the main generating bank are iden-
tified by lettering the rows and numbering the
individual tubes, as shown in figure 6-6. The
two rows nearest the saturated-side furnace are
slightly larger than the rest of the generating

tubes; they serve as water screen tubes. These

two rows are often called the RA and the RB
rows. Individual tubes in these rows are identi-

fied by number in the same way that the rest of

the generating tubes are identified,

Note that the superheater tubes are also
identified in figure 10-6. Identification of super-
heater tubes is discussed in the section that

deals with superheaters,

The discussion of bofler tube identification

E given here is based on one particular type of
l boiler—that is, a double-furnace boiler. The
E same general principles of tube identification
g apply to most other drum-type boilers now in

naval use, but the details of tube identification
are necessarily different in different types of
bollers.

Superheaters

Most propulsion boilers now innaval service

have convection-type superheaters, with water
screen tubes installed between the superheater
and the furnace to absorb the intense radiant
heat and thus protect the superheater.

Most convection-type superheaters have
U-shaped tupes which are installed horizonally
in the boiler and two headers which are in-
stalled more or less vertically at the rear of
the bhoiler. One end of each U-shapedtube enters
one superheater header, and the other end
enters the other header. The superheater head-
ers are divided internally by one or more divi-
sion plates which act as baffles to direct the
flow of steam. In some cases the superheater
headers are divided externally as well as in-
ternally.

Figure 10-7 {llustrates some convection=-
type superheater arrangements that are used
on double-furnace boilers. Part A is aplanview
of the superheater tubes, showing how the tubes
enter the headers. Part B shows a superheater
in which each header is divided into two sec-
tions, and illustrates the flow of steam through
the superheater. Part C {llustrates the flow of
steam through a superheater in whichone header
has one internal division and the other header
has two internal divisions. As may be seenfrom
figure 10-7, the steam makes several passes
through the furnaces. The number of passes is
determined by the number of header divisions
and by the relative locations of the steam inlet
and the steam outlet.

The superheater tubes are Installed so that
their U-shaped ends project forward toward the
front of the boiler. In a double-furnace boiler,
the superheater tubes project forward into a
space between the water screen tubes and some
tubes called furnace division wall tubes. The

superheater tubes and the surrounding water

screen and division wall tubes are thus together
the dividing line between the superheater-side
furnace and the saturated-side furnace. In a
single-furnace boiler, the superheater tubes
project forward into a space in the main bank

‘of generating tubes. The tubes between the

superheater tubes and the furnace serve as
water screen tubes,

Some recent boilers have walk-in or avltx-

type superheaters. In this type of superheater,
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Figure 10-7.—Convection-type superheater
(double-furnace boiler).

an access space or cavity is provided in the
| middle of the superheater tube bank. The cavity,
j which runs the full length and height of the
b superheater, greatly increases the accessibility
of the superheater for cleaning, maintenance,
# and repair. Some of the walk-in superheaters

have U-shaped tubes. Others, such as the one
shown in figure 10-8, have W-shaped tubes.

A few boiiers of recent design have vertical,
rather than horizontal, convection-type super-
heaters. In these boilers, the U-bend super-
heater tubes are installed almost vertically,
with the U-bends near the top of the boiler; the
tubes are approximately parallel to the main
bank of generating tubes and the water screen
tubes. Two superheater headers are near the
bottom of the boiler, running horizontally from
the front of the bofler to the rear.

Superheater tubes are generally identified by
loop number, name of tube bank, and number of
tube within the bank, In the case of horizontal
superheater tubes, as shown in figure 10.8, you
count from the bottom toward the top to get the
tube number, In the case of vertical superheater
tubes, you count from the front of the bofller
toward the rear.

Desuperheaters

On boilers with noncontrolled superheaters,
all steam is superheated, but a small amount of
steam is redirected through a desuperheater
line, the desuperheater can be located in either
the water drum or the steam drum, most gen-
erally the desuperheater will be found in the
steam drum below the normal water level. The
purpose of the desuperheater is to lower the
super-heated steam temperature back to or
close to saturated steam temperature for the
proper steam lubrication of the auxiliary ma-
chinery. The desuperheater is most generally
an ‘‘S’’ shaped tube bundle that is flanged to the
superheater outlet on the inlet side and the
auxiliary steam stop on the outlet side.

Economizers

An economizer is installed on practically
every boiler used in naval propulsion plants.
The economizer is an arrangement of tubes
installed in the uptake space from the furnace;
thus the economizer tubes are heated by the
rising gases of combustion. All feed water flows
through the economizer tubes before entering
the steam drum, and the feed water {8 warmed
by heat which would otherwise be wasted as
combustion gases pass up the stack. In general,
boilers operating at high pressures and tem-
peratures have larger economizer surfaces than
boilers operating at low pressure and tempera-
tures.
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Figure 10-8,—Arrangement of W-tube walk-in superheater.

Economizer tubes may be of various shapes.
Most commonly, perhaps, they are a continuous
loop of U-shaped elements from inlet to outlet
header. Almost all economizer tubes have some
sort of metal projections from the outer tube
surface. These projections, which are of alumi- ' , Ry .
num, steel, or other metal, are shaped in various [RRRI EEELIRE
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ways. Figure 10-9 shows a' U-bend economizer rerraan ~~HHHHH

tube with aluminum gill rings that are circular
in cross section, Other types of projections in
use include rectangular fins and star-shaped
disks. In all cases, the projections serve toex-

tend the heat transfer surface of the economizer Figure 10-9,.—U-bend economizer tube

tubes on which they are installed. with aluminum gill rings.
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Fuel Ofl Burners

Almost all fuel oil burners used on naval
propulsion  boilers are mounted on the boiler
front. Special openings called burner cone open-
ings are provided in the furnace front for the
burners,

The two main paits of a fuel ofl burner are
the atomizer assembly and the air register as-
sembly, The atomizers divide the fuel ofl into
very fine particles; the air registers permit
combustion air to enter the furnace in such a
way that it mixes thoroughly with the finely
divided oil. In addition to the atomizer assembly
and the air register assembly, a fuel oil burner
includes wvarious valves, fittings, connections,
and (on new construction) burner safety devices

INNER CASING

STATIONARY __}

AR FOILS .\:
‘

| BURNER CONE OPENING §”
=t

e -

INNER CASING

which prevent spillage of oil when an atomizer
assembly is removed from the burner while the
burner root valve is still open,

ATOMIZERS.—~Three main kinds of atomiz-
ers are now in use on naval boilers, Straight-
through-flow atomizers are used on most bofl-
ers, Return-flow atomizers are used on many of
the newer ships, particularly those equipped with
automatic combustion controls, Steam-assist
atomizers are used on boilers in some of the
newest ships, .

A fuel ofl burner with a straight-through-
flow atomizer is shown in cross section in
figure 10-10, Figure 10-11 shows how burners

of this type look when installed at the boiler
front, .

OUTER CASING
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DISTANCE PIECE
MOVABLE AIR DOORS

T~ OUTER CASING (BOILER FRONT)

BURNER (SIDE VIEW)

AIR DOOR NANDLE

BURNER BARREL

BURNER COVER PLATE

- ATOMIZER VALVE

BURNER (FRONT VIEW)

.
i

Figure 10-10,—~Cross-sectional view of fuel ofl burner with straight-through-flow atomizer,
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In a straight-through-flow atomizer, all ofl
pumped to the atomizer is burned in the boiler
furnace. The fuel ofl is forced through the
atomizer barrel at a pressure between 125 and
300 psi. With this type of atomizer, the firing
rate is controlled by changing the number of
burners in use, the fuel oil pressure, and the
size of the sprayer plates.

A straight-through-flow atomizer assembly
consists of a goose neck, a burner barrel (also
called an atomizer barrel), a nozzle, a sprayer
plate, and a tip. These parts are shown in
figure 10-12. The fuel oil goes through the
nozzle, which directs the oil to the grooves

of the sprayer plate. These grooves are shaped -

80 as to give the oil a high rotational velocity
as it discharges into a small cylindrical whirl-
ing c;\amber in the center of the sprayer plate.
The whirling chamber i8 coned out at the end
and has an orifice at the apex of the cone. As
the oil leaves the chamber by way of the ori-
fice, it is broken up into very fine particles
which form a cone-shaped foglike spray. A
strong blast of air, which has been given a
whirling motion in its passage through the
burner register, catches the oil fog and mixes
with it, The mixture of air and oil enters the
furnace and combustion takes place.

)]

38.70

Figure 10-11.—Fuel oil burners installed on
boiler front.
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Figure 10-12.—Parts of a straight-through-
_ flow atomizer assembly.

The sprayer plates most commonly used '
are called standard sprayer plates. Two types .

of standard sprayer plates are shown in figure

10-13, Standard sprayer plates may be either -

flat-faced or dished and rounded, and they may

have four, six, or eight oil grooves. Standard -

sprayer plates with four grooves are most : -

common.

Now that the Defense Department has au-
thorized the conversion to a new distillate fuel
(NSDF), sprayer plates for burning this type of
fuel will be of the 6, 4, and 3 slot type. Sizes
will also be changed as the viscosity of the
new fuel is less than that of Navy Special fuel
ofl (NSFO). Therefore, each class of ship will
need the correct size sprayer plates to permit
them to burn the correct amount of fuel for full
power and overload conditions.

In a return-flow (also called a variable-
capacity) atomizer, part of the oil supplied to
the atomizer is burned in the boiler furnaceand
part is returned. Several types of return-flow
atomizers are in use, One type (Todd) is de-
signed to operate with a constant fuel ofl supply
pressure of 300 psig and a minimum return
pressure of 256 psig. Another return-flow ato-
mizer (Babcock & Wilcox) operates with a
variable fuel oil supply pressure (up to 1000
psi) and a variable return pressure. Still an-

other type (also Babcock & Wilcox) operates with i
a constant supply pressure of 1000 psi and a

variable return pressure,

The return-flow atomizer shown in figure
10-14 operates with a constant fuel oil supply

242
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FLAT FACE DISHED AND ROUNDED FACE

38.74
Figure 10-13.—Two kinds of standard sprayer

plates.

pressure. The amount of oil burned In the fur-
nace is controlled by regulating the oil return
pressure, The supply oil enters through the
tube-like opening down the middie of the atomizer
barrel and passes through the sprayer plate.
The tangential slots or grooves in the sprayer
plate cause the oil to enter the whirling chamber
with a rotary motion. As the ofl reaches the
return annulus, centrifugal force causes a cers
tain amount of the ofl to enter the return an-
nulis. The amount of ofl thus returned is deter-
mined by the back pressure in the return line;
the back pressure is in turn determined by the
extent to which the return line control valve is
open. The ofl which is not returned emerges
from the orifice in the form of a hollow conical
spray of atomized oil. The amount of oil burned
is the difference between the amount of oil sup-
plied and the amount returned.

The straight-through-flow atomizers and the
return-flow atomizers just described are both
considered to be mechanical atomizers of the
pressure type. The steam-assist atomizer, now
in use on some new ships, operates on different
principles. The fuel oil enters a steam-assist
atomigzer at relatively 1ow pressure and is very
finely atomized by a jet of steam. Combustion air
is supplied by forced draft blowers, just as it is
 in other installations.

A steam-assist atomizer has two supply lines
§ coming into it, onefor fuel ofland one for steam,

f These two lines make the atomizer look a good
f deal like a return-flow atomizer, However, the
 steam-assist atomizer does not return any fuel
B ofl; instead, all oil supplied to the atomizer-is
burned in the botler furnace. Sprayer plates and

| steam-assist atomizers than they are In

f other parts are somewhat differently shaped in -
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Figure 10-14.—Return-flow atomizer.

straight-through-flow atomizers and return-
flow atomizers.

One reason why steam-assist atomizers have
not been used for naval propulsion boilers untfl
quite recently is that they use a considerable
amount of steam which cannot be recovered and
returned to the feed system. However, they have
gsome advantages that tend to make up for this
disadvantage. A major advantage is that thefir-
ing range of steam-assist atomizers is much
greater than the firing range of other types of
atomizers. This characteristic makes the
steam-assist atomizer particularly useful for
naval service, since it means that large changes
of load can be made merely by varying the fuel
ofl supply pressure, without cutting burners in
and out. The fuel oil supply pressure can be
varied between 8 and 350 psi.

AIR REGISTERS.—The main parts of an air
register are (1) the movable air doors, (2) the
diffuser, and (3) the stationary air foils. These
parts are shown in figure 10-10. The movable
air doors allow operating personnel to open and
close the register. When the air doorsare open,
air rushes in and is given a whirling motion by
the diffuser plate. The diffuser thus serves to
make the air mix evenly.with the oil, and also
to prevent flame being blown back from the
atomizer. The stationary air foils guide the
major quantity of air and cause it to mix with
the larger ofl spray beyond the diffuser.

Furnaces and Refractories

A boller furnace is a space provided for the
mixing of air and fuel and for the combustion of
the fuel. A boiler' furhace consists of a more or
less rectangular steel casing which is lined on
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the floor, front wall, side walls, and rear wall
with refractory material. The refractory lining
serves to protect the furnace casing and topre-
vent 1088 of heat from the furnace. Refractories
retain heat for a relatively long time and thus
help to maintain the high furnace temperatures
required for complete and efficient combustion
of the fuel. Refractories are also used to form
baffles which direct the flow of combustion
gases and protect drums, headers, and tubes
from excessive heat.

There are many different kinds of refractory
materials. The particular use of each type is
determined by the chemical and physical char~
acteristics of the material in relation to the
required conditions of service. Refractories

commonly  used in the furnaces of naval pro--

pulsion boilers include firebrick, insulating :

brick, insulating block, plastic fireclay, plastic
chrome ore, chrome castable refractory, high
temperature castable refractory, air-setting
mortar, and burner refractory tile.

Casings, Uptakes, and Smokepipes

In modern bofler installations, each boller
is enclosed in two steel casings. The inner cas-
ing is lined with refractory materials, and the
enclosed space constitutes the furnace. The
outer casing extends around most of the inner
casing, with an air space in between. Alr from
the forced draft blowers is forced into the space
between the inner and the outer casings, and
from there it flows through the air reglsters
and into the furnace.

The inner casing encloses most of the boiler
up to the uptakes. The uptakes join the boiler to
the smokepipe. A8 a rule, the uptakes from two
or more boilers connaect with one smokepipe.

Both the inner and the outer casings of boil-
ers are made of steel panels. The panels may
be flanged and bolted together, with gaskets
being used at the joints to make an airtight
seal, or they may be welded together. The cas-
ings are made in small sections so they can be
removed for the inspection and repair of boller
parts.

Saddles and Supports

Each water drum and water header rests
upon two saddles, one at the front of the drum
or header and one at therear. The upper flanges
of the saddle are curved to fit the curvature of
the drum or header, and are welded to the drum
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or header. The bottom flanges, which are flat,
rest on huge beams built up from the ship’s
structure. The bottom flange of one saddle is
bolted rigidly to its support. The bottom flange
of the other saddle is also bolted to its support,
but the bolt holes are elongated in a fore-and-
aft direction. As the drum expands or contracts
because of temperature changes, the saddle
which is not rigidly fastened to the support
accommodates to the changing length of the
drum by sliding backward or forward over the
support. The flanges which are not rigidly fas- -
tened are known as boiler sliding feet.

Airheaters

Some bollers of recent design have steam-
coil airheaters to preheat the combustion air
before it enters the furnace. A typical steam- -
coil airheater consists of two coil blocks, each
coil block having three sections of heating coils
in a single casing. Each individual section has
rows of copper-nickel alloy tubes, helically
wound with copper fins. Alrheaters used in the
past on some older naval ships were installed
in the uptakes and the combustion air was pre=-
heated by the combustion gases; these airheaters
thus utilized heat which would otherwise have -
been wasted. The use of these older airheaters .
was discontinued in naval ships because the sav=- -
ing of heat was not considered sufficient to jus- °
tify the added space and weight requirements.
The new steam-coil airheaters use auxiliary
exhaust steam as the heating agent; they arein- -
stalled near the point where the combustion air
enters the double casing. :

Fittings, Instruments, and Controls

The major boiler components just described .
could not function without a number of fittings,
instruments, and control devices. These addi- :
tional bouer parts are merely mentioned here -
for the sake of completeness; they are taken up ,
in detail in chapter 11 of this text.

Internal fittings installed in the steam drum
may include equipment for distributing the in-
coming feed water, for separatinganddrying the -
steam, for giving surface blows to remove solid :
matter from the water, for directing the flow of *,
steam and water within the steam drum, andfor |
injecting chemicals for boiler water treatment. f
1In addition, many boilers have desuperheaters :
for desuperheating the steam needed for auxil- i
iary purposes. :
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External fittings and instruments used on
naval boilers may include drains and vents;
sampling connections, feed stop and check
valves; steam stop valves; safety valves; soot

blowers, watergage glasses and remote water
' level indicators; pressure and temperature
gages; superheater temperature alarms; super=
heater steam flow indicators; smoke indicators;
) and various items used for the automatic control
of combustion and water level.

TYPES OF PROP ULSION BOILERS

Now that we have examined the basic com-
. ponents used in most naval propulsion boilers,
let us put these components together, so to
speak, to see how they are arranged toform the
types of boilers nowused in the propulsion plants
of naval ships. The order of presentation is
more or less historical, starting with the
header-type boiler (which is probably the oldest
boiler design still in service), going on to
double-furnace boilers and to both older and
newer types of single-furnace boilers, and end-
ing with the recently installed pressurized-
furnace boller, :

Header-Type Boilers

Sectional header boilers, commonly called
header-type boilers, are installed in many
auxiliary ships. The basic design of this type of
“boiler is shown in figures 10-15 and 10-186,
‘ Header-type boilers normally operate at450
to 465 psig and are designed for a maximum
superheater outlet temperature of 740°to 750°F,
In capacity, they range firom about 25,000 to
about 40,000 pounds of steam per hour,

Header-type boilers are sometimes referred
to as cross-drum boilers because many of them
| were ' designed to be installed with the steam

drum athwartships rather thanfore and aft. How-
ever, some header-type boilers are not of the
cross-drum type.

Header-type bollers are also referred to
occasionally as side-fired boilers. This term
is used to indicate the location of the burners
with respect to the position of the steam drum,
[ However, the term ‘‘side-fired’’ttends to be
} misleading because the surface of aboiler along
£ which the burners are installed is generallyre-
| garded as the front of the boiler. Inthis discust

I surface along which the burners are installed,
§ From this point of view, then, thesteam drum is

E sion, we will take as the front of the boiler the

installed lengthwise along the top of the boliler
front.

The header-type boiler gets its name from
the header sections which are connected by the
generating tubes. There may be 12, 14, or 16 of
these header sections, depending upon the size
of the boiler. Half of the header sections are
installed under the steam drum, at the front of
the boiler. The other half are installed at the
rear of the boiler, at a somewhat higher level.
The header sections are installed at a slight
-angle fromthe vertical, leaning somewhat toward
the front of the boiler. The angle of inclination
of the headers allows the straight generating
tubes (which enter the headers normal to the
header surfaces) to slope slightly upward from
the front of the boiler toward the rear, thus al-
lowing free natural circulation within the boiler.

The header sections installed under the
steam drum at the front of the boiler are known
as downtake headers. Each downtake header is
connected to the steam drum by a short down-
take nipple. The lower end of each downtake
header is connected to the junction header
(sometimes called the mud drum) by a short
nipple.

The header sections installed at the rear of
the boiler are known as uptake headers. Each
uptake header is connected to the steam drum
by a large circulator tube which enters the
steam drum slightly above the normal water
level.

As shown in figures 10-15 and 10-16, the
generating tubes in this type of boller are
straight rather than curved. The generating
tubes connect the downtake headers at the front
of the boller with the uptake headers at the rear
of the boller.

The superheater consists of U-bend tubes,
an upper superheater header, and alower super-
heater header, The superheater tubes are in-
stalled at right angles to the generating tubes,
between the main bank of generating tubes and
the water screen tubes.

The steam drum of a header-type boiler
usually has a manhole at each end. The steam
drum containg the internal fittings, including a
desuperheater.

The furnace of a header-type boliler hasfour
vertical walls and a flat floor. The side walls
are water cooled, being covered by water wall
tubes which form a part of the circulation sys-
tem of the boiler. There are two water wall
downtake headers, one at each corner of the
boiler front, installed vertically in the space
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Figure 10-15,—Cutaway view of header-type boiler.

between the inner and the outer casing, Two
vertical water wall uptake headers are simi-
larly installed at the two rear corners of the
boller. The water wall tubes are rolled into a
downtake header at the front andanuptake head-,
er at the rear; they are arranged on the same:
slope as the generating tubes.

Water is supplied to the water wall downtake
headers from the junction header. Steam and
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water rise through the water wall tubes to the
uptake headers, and then through the risertubes
that connect the uptake headers to the steam
drum. :
As may be seea in figures 10-15 and 10-186,
an economizer i8 1located behindthe steam drum,
in the way of the combustion gas exit.

The boller 18 completely enclosed in an
insulated steel casing, and an outer casing is
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installed in such a way as to form an air cham-
ber between the inner and outer casings. The air
inlet is at the rear of the boiler; an air duct
beneath the furnace floor connects the front air
chamber and the rear air chamber. The double-
cased air chambers at the sidesof the boiler are
connected directly to the cold airinlet sothat an
air pressure is maintained in these side cham-
bers at all rates of operation. Removable casing
panels are located at various points to permit
access for cleaning, inspection, and repaif,

In summary, we may consider the header- -

type boiler as one which, on the basis of the

p.
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Figure 10-16.—8ide view of header-type boiler.

classification methods given earlier in this chap-
ter, has the following characteristics: It is a
water-tube boiler with natural circulation of the
free (not accelerated) type. It has sectional
headers instead of water drums, and soiscalled
a ‘‘header-type’’ boiler instead of a drum-type
boller. It has only one furnace—but the term
‘‘gingle-furnace boiler’’ is never applied to
header-type boilers, possibly because such iden-
tification has not been needed. It is not a
pressurized-furnace boiler. It does not have
controlled superheat. It operates at a pressure
of 450 to 465 psig; however, header-type boilers
are quite often referred toas ‘400-psi boilers.”’
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Double-Furnace Boilers

Double-furnace boilers (also called M-type
boilers) are installed on most clder destroyers
and on many other combatant ships., These
boilers are designed to carry a steam drum
pressure of approximately 615 psig and to gen-
erate saturated steam at approximately 490°F,
The saturated steam for auxiliaries goesdirect-
ly from the steam drum to the auxiliary steam
system; all other steam goes throughthe super-
heater. Double-furnace boilers are designed in
various sizes and capacities to suit different
installations, They range in capacity fromabout
100,000 to about 250,000 pounds of steam per
hour at full power. '

Figure 10-17 shows the general arrangement
of a double-furnace boiler, The same type of

boiler is shown in sectional view infigure 10-18 .

and in cutaway view in figure 10-19,

One of the two furnaces in this boileris used
for generating saturated steam;the other isused
for superheating the saturated steam. Because
each of the two furnaces canbe fired separately,
thus allowing control of superheated steam tem-
perature over a wide range of operating condi-
tions, the double-furnace boiler has long been
called a ‘‘superheat control boiler.”” As noted
previously, however, the control of superheat is
not necessarily related to the number of fur-

naces. Therefore we will refer to this boiler as .
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Figure 10-17,—General arrangement of double-
furnace bofler,
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a double-furnace boiler, rather than asasuper-
heat control boiler, even though the boiler shown
does in fact have controlled superheat,

Since each furnace has its own burners, the

“degree of superheat can be controlled by pro- .

portioning the amount of fuel burned in the -
superheater-side furnace to the amount burned
in the saturated-side furnace. Whenburnersare '

lighted only on the saturated side, saturated
steam is generated; when burners are lighted
on the superheater side as well as on the satu-

rated side, the saturated steam flowing through
the superheater becomes superheated, The de-

gree of superheat depends primarily upon(1) the
firing rate on the superheater side, and (2) the
rate of steam flow through the superheater,
However, the rate of steam flow through the
superheater is basically dependent upon the fir-
ing rate on the saturated side, Therefore we

come back again to the idea that the degree of
superheat depends primarily upon the ratio of
the amount of oil burned in the superheater side

to the amount burned in the saturated side.

The flow of combustion gases in the double-
furnace boiler is partly controlled by gasbaffles
on one row of water screen tubes and on one
row of division wall tubes, as shown in figure
10-18, The gas baffles on the water screen
tubes direct the combustion gases toward the
superheater tubes and also deflect the combus-

tion gases away from the steam drum and the !
water screen header. The baffles on the divi- °
sion wall tubes by the saturated-side furnace
keep the saturated-side combustion gases from .
flowing toward the superheater tubes, thus
protecting the superheater whenthe superheater
side is not lighted off. In addition, the baffles |
on the division wall tubes deflect combustion -

gases from the superheater side up toward the :

top of the saturated side, thus allowing the
gases to pass toward the uptake without dis-
turbing the fires in the saturated-side furnace.

The double-furnace boiler has a steamdrum,
one water drum, one water screen header, and .
one water wall header. All these drums and
headers run from the front of the boiler to the :
rear of the boiler, Most of the saturated steam

is generated in the main bank of generating
tubes on the uptake side of the boiler; most of

these tubes are 1 inch in outside diameter, but a ' '

few rows of 2-inchtubes are installed on the side
of the tube bank nearest the furnace. The evapo-
ration rate i8 much higher inthe 1-inch tubes
than in the 2-inch tubes, since the ratioof heat-

transfer surface tothe volume of contained water

gt




AIR
INLET AIR
INLET
WATER
WALL
TUBES
[ 7
{ as _OUTER
OUTER ~BAFFLES DIVISION WALL CASING
CASING / ) ( \TUBES
l‘ H []
i GAs ./
>¥ 4 BAFFLES™"\ ) INNER
. \ ( CASING
INNER i 1 ' .
CASING | AN % > WATER
DRUM
WATER WALL SATURATED-
SUPERHEATER-
| HEADER  “gioe BURNERS WATER SIDE
SCREEN BURNERS
HEADER  cuPERHEATER TUBES
(CROSS SECTION)
38.317

is much greater in the smaller tubes. The larger
tubes are used in the rows next to the furnace
because it is necessary at this point to provide
a flow of cooling water and steam sufficient to
protect the smaller tubes from the intense ra-
diant heat of the furnaces.

Double-furnace boilers have anywhere from
15 to 50 downcomers, which vary in size from
about 3 inches in outside diameter to about 7
inches OD, The downcomers are installed be-
tween the inner and the outer casings, as may be
8een in figure 10-19, i

The use of large-tube downcomers and small
generating tubes results in extremelyrapid cir-
culation of water. Only a few seconds are re-
quired for the water to enter the steam as
| feed water, flow throughthe downcomers, circu-
late through the water drum or header, rise in
the generating tubes, and return to the steam .
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Figure 10-18,—Double-furnace boiler (sectional view, looking toward rear wall).

drum as a mixture of water and steam. Some
notion of the extreme rapidity of circulation may
be obtained from the fact that water inthe down-
comers may flow at velocities of from 3 to 7
feet pér second.

The economizer on a double-furnace boiler
is usually larger ‘than the economizer on a
header-type bollér. As a rule, the economizer
on a double-furnace boiler has about 60 U-ghaped
economizer tubes.
' On the basis of the classification methods
given earlier in this chapter, we may consider
the double-furnace boiler as one which has the
following characteristics: It is a water-tube
boiler with natural circulation of the accelerated
type. It is a drum-type (rather than a header-
type) boiler. It has tubes which are arranged
roughly in the shape of the letter M=hence it is
often called an M-type boiler. It has two
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Figure 10-19.—Double-furnace boiler (cutaway view).

furnaces—one for the saturated side and one for
the superheater side, It has controlled superheat.
It operates at a pressure of about 615 psig, and
is often called a ‘‘600-psi boiler.”

The most important advantage of the double-
furnace boiler arises from the fact that the
separate firing of the superheater side allows
positive control of the degree of superheat. In
the double-furnace boiler, it is theoretically
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possible to maintain the maximum designed
temperature at the superheater outlet under
widely varying conditions of load. In a single-
furnace boiler, where one source of heat is used
both for generating the steam and for super-
heating it, the degree of superheat increases
as the rate of steam generation increases; and
hence the maximum designed temperature at the
superheater outlet is normally reached only at
full power.
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Most double-furnace boilers are designed to
carry a superheater outlet temperature of 850°
F; this is about 100°F higher than the super-
heater outlet temperature in a comparable
single-furnace botler, given the same quality of
materials for boilers, piping, and turbines. The
reason why a higher superheater outlet tem-
perature can be used in a double-furnace boiler
. than in a comparable single-furnace boiler is that
allowance must be made, in the single-furnace
boller, for the maximum superheater tempera-
tures which might occur under adverse ¢ondi-
tions of load.

v In spite of the advantages resulting from the

control of superheat, double-furnace boilers are
no longer being installed in naval combatant
ships. Experience with these boilers has re-
vealed certain disadvantages which at the present
time appear to outweigh the advantages of con-
trolled superheat. Some of the disadvantagesare:

1, In practice, it is not possible to maintain
maximum designed superheat at low steaming

the turbogenerators goes through the super-
heater; at low firing rates, therefore, the steam
flow throughthe superheater is generally not suf-
ficient to permit a high firing rate on the super-
heater side. Thus under some conditions the
steam supplied to the propulsion turbines andto
the turbogenerators may be saturated or only
very slightly superheated. As a consequence,
therefore, the double-furnace boiler is actually
less efficient than the single-furnace boiler at
low firing rates.

2. The double-furnace boiler is more diffi-
cult to operate than the single-furnace boiler,
and requires more personnel for its operation.
Once there is any appreciable load ontheboiler,
the high air pressure inthe double casingsand in
the furnace make it difficult and evendangerous
to light burners onthesuperheater side, Inorder
' to avoid this difficulty, operating personnel
 would have to be able to predict the need for
, superheat and light off the burners onthe super-
- heater side before the alr pressure had become
; 80 high. Obviously, such prediction is not al-

ways possible,

3. The double-furnace boiler is heavier,
larger, and generally more complex than a
single-furnace botler of equal capacity.

Single-Furnace Boilers -

The older single-furnace boilers that were
. installed on many World War II ships differ in

rates. Only the steam for the main turbines and

several important respects from the newer
single-furnace boilers that have been installed
on ships built since World War II.

A single-furnace boiler of the older type
is shown schematically in figure 10-20 and in
cutaway view in figure 10-21, This boiler pro-
duces about 60,000 pounds of steam per hour at
full power. At full power the steam drum pres-
sure is about 460 psig, the superheater outlet
pressure is about 435 psig, and the superheater
outlet temperature is about 750°F,
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Figure 10-20,—~General arrangement of older
single-furnace boiler.

This boiler does not have controlled super-
heat. When the boiler is lighted off, both the
generating tubes and the superheater tubes are
heated. In order to protect the superheater
tubes from overheating, all steam generated In
the boiler must be led through the superheater.
The saturated steam goes from the dry pipe in
the steam drum to the superheater inlet; it goes
through the superheater tubes, out the super-
heater outlet, and Into the main steam line.

‘Auxiliary steam must go through the super-
heater (in order to provide a sufficient steam
flow to protect the superheater) but must then
be desuperheated. Desuperheating is accom-
plished by passing some of the superheated
steam through a desuperheater, which is basi-
cally a coil of piping submerged in the water in
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Chapter 10— PROPULSION BOILERS

the steam drum, Heat transfer takes place from
the steam in the desuperheater to the water in
the steam drum, The desuperheated steam which
passes out of the desuperheater and into the
auxiliary steam line is once'again at (or very
close to) saturation temperature,

Thus far we have considered the flow of
steam as it occurs after the botler has been cut
in on the steam line, But what happens when a
cold boiler is lighted off? How can the super-
heater tubes be protected from the heat of the
furnace after fires are lighted but before suffi-
cient steam has been generated to ensure a safe
flow through the superheater?

Various methods are used to protect the
superheater during this critical period imme-
diately after lighting off, Very low firing rates
are used, and the bofler is warmed up slowly
until an adequate flow of steam has been estab-
lished. Many—but not all—bollers of this type
have connections through whichprotective steam
can be supplied from another boiler onthesame
ship or from some outside source such as a
naval shipyard or a tender, As shown in figure
10-20, this steam comes in (under pressure)
through the superheater protection steam valve.
It enters the superheater inlet, passes through
the superheater tubes, goes out the superheater
outlet, passes through the desuperheater, and
then goes into the auxiliary exhaust line by way
of the superheater protection exhaust valve.

On single-furnace botlers which do not have
a protective steam system for use during the
lighting off period, even greater care must be
taken to establish a steam flow through the

. superheater, In general, the steam flow is es-

tablished by venting the superheater drains to
the bilges while warming up the boiler very

-glowly.

On the basis of the classification methods
given earlier in this chapter, we may consider
this older single-furnace boiler as one which
has the following characteristics: It is a water-
tube boiler with natural circulation of the ac-
celerated type. It is a drum-type (rather than a
header-type) boiler. It has tubes which are ar-

i ranged roughly in the shape of the letter D—
f hence it is often called a.D-type bofler, It has

only dne furnace. It does not have controlled

: superheat. It is often classified as a ‘‘600-psi
g boller,” although it actually operates at about
i 435 psig. '
i As previously noted, the degree of superheat
 obtained in a single-furnace boiler of the type
¢ being considered Is primarily dependent upon

the firing rate, However, a number of design
features and operational considerations also
affect the temperature of the steam at the super-
heater outlet.

Design features that affect the degree of
superheat include (1) the type of superheater
installed~that is, whether heated by convection,
by radiation, or by both; (2) the location of the
superheater with respect to the burners; (3) the
extent to which the superheater is protected by
water screen tubes; (4) the area of superheater
heat-transfer surface; (5) the number of passes
made by the steam in going through the super-
heater; (6) the location of gasbaffles; and(7) the
volume and shape of the furnace,

Operational factors that affect the degree of
superheat include (1) the rate of combustion;
(2) the temperature of the feed water; (3) the
amount of excess air passing through the furnace;
(4) the amount of moisture contained inthe steam
entering the superheater; (5) the condition of the
superheater tube surfaces; and (6) the condition
of the water screen tube surfaces, Since these
factors may affect the degree of superheat in
ways which are not immediately apparent, let us
examine them in more detatl, _

How does the rate of combustion affect the
degree of superheat? To begin with, we might
imagine asimple relationship in which the degree
of superheat goes up directlyasthe rate of com-
bustion is increased. Such a simple relationship -
does, in fact, exist—but only up to a certain
point. Throughout most of the operating range
of this boller, the degree of superheat goes up
quite steadily and regularly as the rate of com-
bustion goes up. Near full power, however, the
degree of superheat drops slightly even though
the rate of combustion is still going up. Why
does this happen? Primarily because the in-
creased filring rate results in an increased
generating rate, which in turn results in an
increased steam flow through the superheater,
The rate of heat absorption increases more
rapidly than the rate of steam flow until the
boller is operating at very nearly full power;
at this point the rate of steam flow increases
more rapidly than the rate of heat absorption,
Therefore the superheater outlet temperature
drops slightly,

- ‘Suppose that the botler is being fired at a
constant rate and that the steam is being used

; at a constant rate. If we increase the tempera-

ture of the incoming feed water, what happens to
the superheat? Does it increase, decrease, or
remain the same? Surprisingly, the degree of
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superheat decreases if the feed temperature is
increased, more saturated steam is generated
from the burning of the same amount of fuel.
The increased quantity of saturated steam causes
an increase in the rate of flow throughthe super-
heater. Siner there i8 no increase in the amount
of heat avaitable for transfertothe superheater,
the degre(. of superheat drops slightly.

Under ronditions of constant load and a con-
stant rat¢ Ui tcumbustion, what happens to the
superheat i the amount of excess air? is in-
creased” 'To see why an increase in excess air
results in an increase in temperature at the
superheater outlet, we must take it step by step:

1. An increase in excess air decreases the
averagr tamperature in the furnace.

2. %With the furnace temperature lowered,
there ic less temperature difference betweenthe
gases of comi-ustion and the water in the boiler
tubes,

3. Beu.wse of tl:.2 smaller temperatu: e dif-
ferenie, the rate of heat transfer i3 reduced.

4, Because ¢ the denreased rata of heat
transier, the evaporatior race I8 reduced.

6. The lower evaporation ratr causes a
reduction in the raie of steam flos through the
superheater, with a consequent rise in the super-
heater outlet temperature.

In additior: to this sarier of events. another
factor also tends to increase the super.hater
sl temperature whe« the amount ~.° n.%e88
2ir is {ncreasad. Large amomts of excess air
tond tc cause ccmbustion to occur in the tube
bask rather thia inthe furnace itself; as a result,
the temperature in the area around the super-
heater tubes is higher than usual and the super-
heater outlet ten.perature is higher.

Any appreciable amount of moisture in the
steam entering the superheater causes a very
noticeable drop in superheat, This occurs be..
cause steam cannot be superheated as long as
it is in contact with the water from which it is
bring generated, H moisture enteza the super-
heater, therefore, a good deal of heat must be

used to dry the steam before the temperature .

of the steam can rise,
The condition of the superheater tube sur-
faces has an important effect on superheater

4'rhe term "excess air" is used to indicate any quan~

tity of combustion air in excess of that which is
theoretically required for the complete combustion of
the fuel. Some excess air i8 necessary for efficient
combustion, but too muoh excess air is wasteful, as
discussed in a later section of this chapter.

outlet temperature. If the tubes have soot onthe
outside or scale on the inside, heattransfer will
be retarded and the degree of superheat will be
decreased.

If the water screen tubes have soot on the
outside or scale on the inside, heat transfer to
the water in these tubes will be retarded. There-
fore there will be more heat available for
transfer to the superheater as the gases of
combustion flow through the tube bank. Conse-
quently, the superheater outlet temperature will
rise.

The single-furnace boiler is lighter and
smaller, for any given output of steam, than the
double-furnu..v bofler. Because the single-
furnace boiler aupplies superheated steata at
low steaming rates, the overal? plant efficiency
is better with this type cf boiier than with the
double-furhace boiler, The cingie-furnace boiler
his the further sslvintage of simplicity of oper=-
5-ton and maintenance. Although the single-
iurnace boiler considered here does not have
controlied superheat, this lack isless important
than might have been suppcsed, since some of
the theoretical advantages of controlled super=
heat have not ibeern entirely realized inpractice.

The basic des:zn Jf the singie-furnace boiler
has M.+ used increasingly. Except for experi-
mentai boilers, no double-furnace boilers have
been installed on combatant eliips since World
War II. The newer single-furnaceioflers operate
at approximately 600 psi or at approximately
1200 psi. Operating temperature at the super-
heater outlet is guite commonly 930°F for the
1200-psi boilers; this is 100°F higher than the
operating temperature of most dour'e-furnace
boilers, and 200°F higher than the operating
temperature of the older single-furnace boilers.

One of the most noticeable diffqrences be-
tween the older and the new:r single-furr..ce
boflers is the chunge in fuinace design. Hi, qer
heat release rates are possible in the newer
boilexs. Although these newer single-f:'vnace
bollers are rict the type that we refer toas
‘“‘press.~ized-furnace’’ boilers, they do often
use a alightiv higher combustion air pressure
than the older single-furmu:~ bhotlers. The use of
higher air presiure causes sn increase in the
velociiy of the combustion gases, and the in-
creased velocity results in a higher rate of heat
transfey to the generating tubes. Because of the
increased heat release rutes, a newer single-
furnace boiler is likely to have a water=-cooled
roof and water-conlca rear walls as well as
water-cooled side walls.
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Chapter 10—~ PROPULSION BOILERS

In design details and in general configura-
tion, the newer single-furnace boilers vary
somewhat among themselves. Figure 10-22
shows a 1200-psi boiler of the type installed on
some post World War II destroyers. Except for
the additional water-cooled surfaces, this boiler
is very much like the older single-furnace
boilers. In contrast, figure 10-23 shows a type
of single-furnace boiler that has been installed
on some recent ships. The superheater tubes
are installedvertically, rather than horizontally,
between generating tubes and water screen tubes.

" Note, also, that there is aseparate water screen

Figure 10-22,~Newer 1200-psi single-furnace boiler for post World War 11 destroyer.
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header for the water screen tubes; this feature
is quite unusual in single-furnace boilers, though
standard for double-furnace boilers.

New Types of Propulsion Boilers

The field of boiler design is by no means
static. Although one trend predominates—that of
using highér pressures and temperatures—there
are almost innumerable ways in which the higher
pressures and temperatures can be achieved.
New types of boilers are constantly being devel-
oped and tested, and existing boiler designs are
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Flgux;e 10-23.—~Newer single-furnace boiler with vertical superheaiter.

subject to modification and improvement. The
new types of bollers discussed here do not by
any means exhaust the field of new designs;
indeed, it must be emphasized thata wide diver-
sity of design is still possible inthisfield,

TOP-FIRED BOILERS.~A new boiler design
which is at present being used on some auxiliary

- ships is the top-fired boiler. In this boiler, the

fuel ofl burners are located at the top of the
boiler and are fired downward. The top-fired
boiler utilizes certain new construction tech-

_‘niques, including welded walls. The boiler is of

the natural circulation type, with a completely
water-cooled furnace, The onlyrefractory mate-
rial that is exposed to the gases of combustion

is the refractory that is installed in corners:

and in a small area around the burners. The
top-fired boiler has an in-line generating tube
bank and a vertical superheater. It i8 expected

.; that the top-fired boiler will be much cleaner

and thus require less maintenance than older
boilers of more conventional design.,

CONTROLLED CIRCULATION BOILERS,~—

Controlled (or forced) circulation boilers have

266/

260

USSP el

Vot s e e i o

- e s

L PR




Chapter 10-PROPULSION BOILERS

been used for some time in stationary power
plants, in locomotives, and in some merchant
ships. Only a few controlled circulation bollers
have been installed in the propulsion plants of
naval ships, and of this few the majority were

subsequently removed and replaced by conven-

tional single-furnace boilers with accelerated
natural circulation. In theory, however, con-
trolled circulation has some very marked ad-
vantages over natural circulation, and it is
entirely possible that improved designs of
controlled circulation boilers may be developed
for future use in naval propulsion plants.

In' natural circulation boilers, circulation
occurs because the ascending mixture of water
and steam is lighter (less dense) than the de-
scending body of relatively cool and steam-free
water. As boller pressure increases, however,
there 1s less difference between the density of
steam and the density of water. At pressures
over 1000 psi, the density of steam differs so
little from the density of water that natural cir-
culation is harder to achieve than it is at lower
pressures. At high pressures, controlled circu=-
lation boilers have a distinct advantage because
their circulation is controlled by pumps and is
independent of differences in density. Because
controlled circulation boilers can be designed
without regard for differences in density, they
can be arranged ip practically any way that is
required for a particular type of installation.
Thus a greater flexibility of arrangement is
possible and the bollers may be designed for
compactness, savings in space and weight re-
quirements, and maximum heat absorption,

There are two main kinds of controlled
circulation boilers. One type i8 known as a
once-through or forced flow boiler; the other
type is usually called a controlled circulation
or a forced recirculation boiler. In both types,
external pumps are used to force the water
through the boiler circuits; the essential dif-
ference between the two kinds lies inthe amount
of water supplied to the boiler. )

In a once-through forced circulation boller,
all (or very nearly all) of the water pumped to
the boiler i8 converted to steam the first time
through, without any recirculation. This type of
boller has no steam drum, but has instead a
small separating chamber. Water is pumped
into the economizer circuit and from there to
the generating circuit, the amount of flow being
controlled so as to allow practically all of the
water to be converted into steam in the gen-

erating circuit. The .very small amount of water °

that is not converted to steam in the generating
circuit is separated from the steam in the
separating chamber. The water is discharged
from the separating chamber to the feed pump
suction, if it is suitable for use; if it contains
solid matter, it is discharged through the blow-
down pipe. Meanwhile, the steam from the
separating chamber flows on through the super-
heater circuit, where it is superheated before
it enters the main steam line.

Figure 10-24 shows the boiler circuits of a
controlled circulation (or forced recirculation)
boller. In this boiler, more water is pumped
through the circuits than is converted into
steam. The excess water is taken from the

steam drum and is pumped through the bholler

circuits again by means of a circulating pump.
This type of boiler has a conventional steam
drum which contains a feed pipe, steam sepa-
rators and dryers, a desuperheater, and other
fittings. The boller has an economizer, three
generating circuits, and a superheater. Circu-
lating pumps, fitted as integral parts of the
boller, provide positive circulation to all steam
generating surfaces.

Both types of controlled circulation bollers
have far smaller water capacity than do natural
circulation bollers, and therefore have much
more rapid response to changes inload. Forthis
reason, automatic controls are required on
these boilers to ensure rapid and sensitive
response to fuel and feed water requirements.

. PRESSURIZED-FURNACE BOILE RS.—A
boller recently developed for use in naval pro-
pulsion plants is variously known as a pres-
surized-furnace boiler, apressure-fired boiler,
a supercharged boiler, or a supercharged steam
generating system,

A pressurized-furnace boiler is shown sche-
matically in figure 10-25 and in cutaway view in
figure 10-26. As may be seen, the boiler is
quite unlike other operational boiler types in
general configuration. The pressurized furnace
is more or less cylindrical in shape, with the
long axis of the cylinder running vertically. The
boiler drum is mounted horizontally, some dis-
tance above the pressurized furnace. The drum

. is connected to the steam and water elements

in the furnace by risers and downcomers, all of
which are external to the casing. Some boilers
of this type are side-fired. Others (includingthe
one shown) are top-fired; as may be seen in fig-
ures 10-25 and 10-26, the burners are at the top
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Figure 10-24.—-Schematic diagram of controlled circulation botler.

of the pressurized furnace, firingdownward into
the furnace.
The burners, 8pecially designed for the

" pressurized-furnace boiler, are quiteunlike any

we have thus far considered. The burners are
designed to burn distillate fuel rather than Navy
Special fuel oil. There are no air register doors.
There are three burners per boller, and each
burner includes,Ka special type of straight me-
chanical atomizer (not return-flow) which uti-
lizes three sprayer plates at the same time. All
three burners are operated simultaneously, and
all three sprayer plates remain in place ineach
atomizer. The sprayer plates operate in se-
quence to meet changing conditions of load. The
design of these burners allows an enormously
wide range of operation without cutting burners

8. UPPER SECONDARY EVAPORATOR CIRCUIT INLET HEADER
9. SECONDARY EVAPORATOR OUTLET HEADER

10. SUPERHEATER INLET HEADER

11, SUPERHEATER OUTLET HEADER

in or out and without even changing sprayer
plates.
The generating tubes run vertically ingide

the pressurized furnace. The superheater is an

annular pancake arrangement inserted into the
bottom of the pressure vessel. The superheater
is designed to be removed without disturbing the
main components of the boller.

The air compressor which supplies thecom-

bustion air under pressure is driven by a gas . |

turbine. The air compressor and the gasturbine
together are referred to as the supercharger.
Part of the energy needed for driving the gas
turbine is obtained from the combustion gases
leaving the boiler furnace. The combustion gases
expand through the gas turbine, and some of the

- heat is converted into work. This is the same
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Figure 10-25,—~8chematic view of presaurlzed;furnace boiler.

kind of energy transformation that occurs in a
steam turbine; the difference is that hot com-
bustion gases, rather than steam, carry the
energy to the gas turbine. After the combustion
gases leave the gas turbine, some of the remain-
ing heat may be used to heat feed water as it
flows through an economizer,

There are no forced draft blowers in pres-
} surized-furnace bofler installations. The super-
{ charger takes the place of the forced draft
¥ blowers, thusgreatly increasing plant efficiency.
t The steam saved by the use of a supercharger
| instead of forced draft blowers may amount to as
f much as 8 or 10 percent of boiler capacity.
; Altogether, a pressurized-furnace boiler is
g not much more than half the size and half the
¢ weight of a conventional boiler of equal steam

147.86

capacity, A large part of this saving of Space and
weight occurs because the increased pressured
on the combustion gas side causes a very great
increase in the rate of heat transfer tothe water
in-the tubes. Thus a smaller generating surface
is required to generate the same amount of
steam. Another cause of space and weight saving
is that the general design of the pressurized-
furnace boiler eliminates the need for much of

the refractory material that is requiredin other

SForoed draft blowers for conventional botler instal-
lations furnish air pressures ranging from 0 to 10
psig. In a pressurized-furnace hoiler, the air com-
pressor supplies combustion air at pressures ranging
from 30 to 90 psig. _

.
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boilers. A pressurized-furnace boiler may re-
quire only about 2000 pounds of refractory, as
against the 21,000 pounds or more usually re-
quired in a conventional boiler of equal capacity.

Increased efficiency, a substantial saving
in space and weight requirements, a substantial
reduction in ship’s force maintenance require-
ments, shorter boiler start-up time, and better
maneuverability and control are the major ad-
vantages of the pressurized-furnace boiler. Al-
though some operational and maintenance prob-
lems do exist with this boiler, it appears likely
that most of them can eventually be solved by
increased training of personnel, increased pre-
cision in the erection of the bollers, and perhaps
continued refinements of design and construc-

BOILER WATER REQUIREMENTS

Modern naval boilers.cannot be operated
safely and efficiently without careful control of
boiler water quality. If boiler water conditions
are not just precisely right, the high operating
pressures and temperatures of modern boilers
will lead to rapid deterioration of the boiler
metal, with the possibltity of serious casualties
to boller pressure pama, - '

Although our ultimate concern is with the
water actually in the boiler, we cannot consider
boiler water alone. We must also consider the
water in the rest of the system, since we are
dealing with a closed cycle in which water is
heated, steam is generated, steam is condensed,

and water 18 returned to the boiler, Because the

cycle is continuous and closed, the same water
remains in the system except for the water that
is lost by boiler blowdown® and the very small
amount of water that escapes, either as steam
or as water, and i8 replaced by makeup feed.

.sThere are two kinds of boiler blowdown: surface
blowdown and bottom blowdown, Surface blowdown is
used to remove foam and other light contaminants
from the surface of the water in the steam drum.
Bottom blowdown is used to remove sludge and other
material that tends to settle in the lower parts of the
boiler, Both surface blowdown and bottom blowdown
may be used to remove a portion of the boiler water
8o that it can be replaced with purer makeup feed,
thereby lowering the ohloride content of the boiler
water. Surface blows may be given while the boiler is
steaming; bottom blows must not be given until some
time after the boiler has heensecured. The valves and
piping used for making surface and bottom blows are
discussed in chapter 11 of this text, .

Although we must remember the-continuous
or cyclical nature of the shipboard steam plant,
we must also distinguish between the water at
different points in the system. This distinction
is necessary because different standards are
prescribed for the water at different points. To
identity the water at various points in the steam -
water cycle, the following terms are used:

Distillate or sea water distillate is the fresh
water that is discharged from the ship’s distill-

ing plants. This water i8 stored infresh water or
feed water tanks, All water in the steam - water
cycle begins originally as distillate,

Makeup feed is distillate usedas replacement
for any water that is lost or removed from the

‘closed steam - water cycle. .
Condensate is the water that results fromthe

condensation of steam in the main and auxiliary
condensers, This water is called condensate until
it reaches the deaerating feed tank.

Boller feed or feed water is the water in the
system between the deaerating feed tank andthe
boiler. :

Deaerated feed water is feed water that has
passed through deaerating feed tank and hashad
the dissolved or entrained oxygenremovedfrom
it.

~ Boller water is the water actually contained
within a boiler at any given moment.

Sea water, the source of practically all fresh
water used aboard ship, contains about 35,000
parts per million (ppm) of sea salts. This is
equivalent to roughly 70 pounds of sea salts per
ton of water. When sea water is evaporated and
the vapor is condensed in the distilling plant, the
resulting distillate contains about 1.75 ppm of
Sea salts, or roughly 70 pounds per 20,000 tons,
In other words, distillate is actually diluted sea
water—sea water that is diluted toabout 1/20,000
of its original concentration. It is not ‘‘pure

water.’”” In considering water problems and

water treatment, it is essential toremember that
the basic impurity of sea water distillate would
make water treatment necessary even if no other
impurities enteredthe water from other sources.
The salts that are present in sea water-—and,
therefore, to a lesser extent in distillate—are
chiefly compounds of sodium, calcium, and mag-
nesium.

Although makeup feed enters the tanks as
distillate, the makeup feed usually contains a
slightly higher proportion of impurities thanthe
distillate. The difference is accounted for by
slight seepage or other contamination of the
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‘'water after it has remained in the tanks for

some time.

Just as distillate is duuted sea water, 80
steam condensate is basically a diluted form of
boiler water. The amount of solid matter car-
ried over with the steam varies considerably,
depending upon the design of the boiler, the
condition of the boiler, the nature of the water
treatment, the manner in which the boiler is
operated, and other factors. In general, con-
dengate contains from 1.7 to 3.5 ppm of solid
matter, or roughly 70 pounds per 20,000 to
10,000 tons. Condensate may pick up additional
contamination in various ways. Salt water leaks
in the condenser increase the amount of sea
salts present in the condensate. Ol leaks in
the fuel oil heaters may contaminate the con-
densate. Corrosion products from steam and
condensate lines may also be present in con=-
densate. Under ideal conditions, condensate
should be no more contaminated than sea water
distillate; under many actual conditions, it is
more contaminated.

~ The solid content of the water (Boiler feed

water) in the system between the deaerating
feed tank and the boliler is essentially the same
as the solid content of the condensate. The main
difference between condensate and deaerated
boiler feed is that most of the dissolved gases
are removed from the water in the deaerating
feed tank,

Practically all of the impurities that are
present in feed water, including those originally
present in the sea water distillate and those
that are picked up later, will eventually find
their way to the boiler. As steam is generated
and leaves the boliler, the concentration of im-
purities in the remaining boller water becomes
greater and greater. In other words, the boiler
and the condenser together act as a sort of
distilling plant, redistilling the water received

- from the ship’s evaporators, In consequence,

the boiler water would become more and more
contaminated If steps were not taken to deal
with the increasing contamination.

As an example, suppose that a boiler holds
10,000 pounds of water at steaming level, and
suppose that steam is being generated at the
rate of 50,000 pounds per hour. After an hour
of operation there would be approximately five
times as much solid matter in the boiler water
as there was in the entering feed water. Now if
we continued to steam this boiler for another
2000 to 4000 hours without using blowdown
and without using any kind of boiler water
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treatment, the boiler water would contain just
about the same concentration of sea salts asthe
original sea water from which the distillate was
made. In addition, the boiler water would con=
tain increasingly large quantities of corrosion
products and other foreign matter picked up in
the steam and condensate 8ystems.

If we continued to steam the boiler with the
water in this condition, the boiler would dete-
riorate rapidly. To prevent such deterioration,
it is necessary to do the following things:

1. Maintain the incoming feed water at the
highest possible level of purity and as free as
possible of dissolved oxygen,

2. Use chemical treatment of the boiler
water to counteract the effects of some of the
impurities that are bound to be present,

3. Use blowdown at regular intervals to re-
move some of the more heavily contaminated
water 80 that it may be replaced by purer feed
water.

Although there are many sources of boiler
water contamination, the contaminating mate-
rials tend to produce three main problems when
they are concentrated or accumulated in the
boiler water. Therefore, boller water treatment
is aimed at controlling the three problems of
(1) waterside deposits, (2) waterside corrosion,
and (3) carryover. .

Waterside deposits lnterfere with heat trans-
fer and thus cause overheating of the boiler

- metal. The general manner in which a water-

side deposit causes overheating of a boiler tube
is shown in figure 10-27. In a boiler operating
at 600 psi, the temperature lnelde a generating
tube may be approximately 500°F and the tem-
perature of the outside of the tube may be ap-
proximately 100° F higher.? Where a waterside
deposit exists, however, the tube cannot trans-
fer the heat as rapidly as it receives it. As
shown in figure 10-27, the inside of the tube
has reached a temperature of 800°F at the point
where the waterside deposit is thickest. The
tube metal i8 overheated to such an extent that
it becomes plastic and blows out into a bubble
or blister under boiler pressure.

Waterside deposits that must be guarded
against include sludge, oil, scale, corrosion

7'rhe temperatures used in this example do not apply
to all situations in which a boiler tube is overheated.
The exact temperatures of the inside andoutsideof the
tube would depend upon the operating pressure of the
boiler, the location of the tube inthe boiler, the nature
of the deposit, and various other factors.

e A earia o e

] B e e B b a3

S PR VRO A S Y




Chapter 10— PROPULSION BOILERS
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Flgure 10-27.—Effect of waterside deposit on
botiler tube.

deposits, and products formed as the result of
chemical reactions of the tube metal.

The term ‘‘waterside corrosion’’ is used to
include both localized pitting and general corro-
sion. Most waterside corrosion is electro-
chemical in nature. There are always some
slight variations (both chemical and physical)
in the surface of any boiler metal. These small
chemical and physical variations in the metal
surface cause Slight differences in electrical
potential between one area of a tube andanother
area. Some areas are anodes (positive termi-
nals) and others are cathodes (negative termi-
nals). Iron from the boiler tube tends to go into
solution more rapidly at the anode areas than
at other points on the boiler tube. Electrolytic
action cannot be completely prevented in any
boiler, but it can be kept to a minimum by
maintaining the boiler water at the properalka-
linity ard: by keeping the dissolved oxygen con-
tent of the boller water as low as possible,

The presence of dissolved oxygen in the
boiler water contributes greatly to the type of
corrosion in which electrolytic action makes
pits or holes of the type shown in figure 10-28.
A pit of this type actually indicates an anodic
area in which iron from the boller tube has
gone into solution in the boiler water.

General corrosion occurs when conditions
favor the formation of many small anodes and
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38.138
Flgure 10-28,.—=Localized plt in boiler tube
caused by dissolved oxygeninthe
boﬂer water.

cathodes on the surface of the bouer metal. As
corrosion proceeds, the anodes and cathodes
constantly change location. Therefore, there is
a general loss of metal over the entire surface.
General corrosion may occur if the chloride
content of the boller water is too high or if the
alkalinity is either too low or too high.

The third major proolem that results from
boiler water contamination is carryover. Under
some circumstances, very small partlcles of
moisture (almost like a fine mist) are carried
over withthe steam. Under other circumstances,
large gulps or slugs of water are carried over.,
The term priming is generally used to describe
the carryover of large quantities of water. Both
kinds of carryover are dangerous and both can
cause severe damage to superheaters, steam
lines, turbines, and valves. Whatever moisture
or water is carried over with the steam brings
with it the solid matter that is dissolved or
suspended in the water. This solid matter tends
to be deposited on turbine blades and in super-
heater tubes and valves. Figure 10-29 shows a
superheater tube in which solid matter has been
deposited as a result of carryover. Priming, or
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) 38.140
Figure 10-29,—Evidence of carryoverin
superheater tube.

the carryover of large slugs of water, ispartic-
ularly dangerous because it can do such severe
damage to machinery. For example, priming can
actually rip turbine blades from their wheels.

One cause of carryover is foaming of the
boiler water. Foaming occurs when the water
contains too much dissolved or suspended solid
matter. The solids tend to stabilize the bubbles
and cause them to pile up instead of bursting.
If a great deal of solid matter is present In the
boiler water, a considerable amount of foam

r—
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will pile up. Under these conditions, carryover
is almost sure to occur.

In order to counteract the effects of the im-
purities in boiler water, it is necessary to have
a precise knowledge of the actual condition of
the water. This knowledge is obtained by fre-
quent tests of the boiler water and of the feed

‘water. Boiler water tests include chloride tests,
. hardness tests, alkalinity tests, pH tests, phos-

phate tests, and electrical conductivity tests
which indicate the dissolved solid content of the
boiler water.8 Feed water is tested routinely .

for chloride, hardness, and dissolved oxygen;

alkalinity, pH, phosphate, and electrical conduc-
tivity tests are not normally made onfeed water.
The frequency of boiler water and feed water
tests is specified by the Naval Ship Systems
Command. Also, the allowable limits of con-

 tamination are specified by the Naval Ship Sys-
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tems Commanrd. In general, the requirements
for purity of boiler water become more stringent
with increasing boller pressure.

Water tests aboard ship are made by the oil
and water king (usually a Botlerman), although
certain aspects of the preparation and handling
of the chemicals may require the supervision
of an officer. The tests require some knowledge
of chemistry and a high degree of precision in
preparing, using, and measuring the chemicals.
Therefore, only personnel holding a current
certification resulting from successful comple-
tion of a NavShips boiler water/feed water test
and treatment training course may test and
treat boiler water and feed water on propulsion
bollers. :

Some of the water tests made aboard ship
give a direct indication of just what contaminat-
ing substance is present, and in just what amount
it is present. In other cases, it is more im-
portant to know what effects the contaminating
substances have upon the water than it is to
know what the substances are or exactly how
much of each is present. Therefore, Some water
tests are designed to measure properties the :
water acquires because of the presence of vari- .
ous impurities.

The term chloride content really refers to 3
the concentration of the chloride ion, rather
than to the concentration of any one sea salt. .

8Note. however,_that no one ship makes all of these
tests of boiler water. The types of boiler water tests
required on any particular ship dependupon the method
of boiler water treatment authorized for that ship.
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Because the concentration of chloride ions is
relatively constant in sea water, the chloride
content is used as a measure of the amount of
solid matter that is derived through sea water
contamination. The results of the chloride test
are used as one Indication of the need for blow-
down. Chloride content is expressed in equiva-
lents per million (emp).?

Hardness is a property that water acquires
because of the presence of certain dissolved
' salts. Water in which soap does not readily
form a lather is said to be hard.

Alkalinity is a property that the water ac-

quires because of the presence of certain im-
purities. On ships that make alkalinity tests,
tllle results are expressed in epm.
. value, rather than the alkalinity, of the boiler
water. The pH unit does not measure alkalinity
directly; however, it is related to alkalii.ity in
such a way that a pH number gives an indication
of the acidity or alkalinity of the water. The
pH scale of numbers runs from 0 to 14. On
this scale, pH 7 is the neutral point. Solutions
having pH values above 7 are defined as alkaline
solutions. Solutions having pHvalues below 7 are
defined as acid solutions.

Boiler water that is treated with phosphates
must be tested for phosphate content. Boiler
water that is treated with standard Navy boiler
compound i8 not tested for phosphates. Phos-
phate content i8 expressed in parts per million
(ppm). When the phosphate content of boiler
water is maintained within the specified limits,
the hardness of the water should be zero. There-
fore, hardness tests are not required for boller
water when phosphate water treatient is used.

The test for chloride content indicates some-
thing about the amount of solid matter that is
present In the boller water, but it indicates only
the solid matter that is there because of sea
water contamination. It does not indicate any-
thing about other solid matter that may be dis-
solved in the boller water. A more accurate
indication of the total amount of dissolved solids

9Equlvalents per million can be defined as the number
of equivalent parts of a substance per millionparts of
some other substance. The word '"equivalent" here
refers to the chemical equivalent weight of a substance.
For example, if a substance has achemigal equivalent
weight of 36.5, a solution containing 35.6 parts per
million is desoribed as having a concentration of 1
epm.

Some ships are required to determine the pH

can be obtained by measuring the electrical
conductivity of the boiler water, since this is
related to the total dissolved solid content. All

- ships are now furnished with special electrical

conductivity meters for measuring the conduc-
tivity of the boiler water. The total dissolved
solid content i8 expressed in micromhos, a unit
of electrical conductivity.

As a regular routine, the test for dissolved
oxygen i8 made only on feed water, although
occasional testing of water in other parts of
the system is recommended. A chemical test
for dissolved oxygen is made aboard ship. Since
this test cannot detect dissolved oxygen in con-
centrations of less than 0.02 ppm, more sensi-
tive laboratory tests are sometimes made as a
¢heck on the operation of the deaerating feed
tanks,

When tests of the boiler water show that the

water i8 not within the prescribedlimits, chem-

ical treatment and blowdown are instituted.
Several methods. of chemical treatment are now
authorized. Each method is designed to com-
pletely eliminate hardness and to maintain the
alkalinity (or the pH value) within the prescribed
limits. The method of boiler water treatment
specified for each ship is the method that will
best perform these two functions and, at the
same time, take account of the total concen-
tration of solids that can be tolerated in the
particular type of boiler. The type of water
treatment authorized for any particular ship is
specified by the Naval Ship Systems Command;
it is not a matter of choice by ship’s personnel.

Chemical treatment of the boiler water in-
creases, rather than decreases, the need for
blowdown. The chemical treatment counteracts
the effects of many of the impurities in the
boiler water, but at the same time it increases
the total amount of solid matter in the boiler
water and thus increases the needforblowdown.
Each steam boller must be given a surface blow
at least once a day, and more often if the water
tests indicate the need. Bottom blows are given
at least once a week, usually about anhour after
the boller has been secured. Bottomblows must.
not be given while a boliler is steaming, Special
instructions for boiler blowdown are issued to
certain categories of ships.

COMBUSTION REQUIREMENTS
Certain requirements must be met before

combustion can occur in the bofler furnace. The
fuel must be heated to the temperature that will
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give it the preper viscosity for atomization. It
should be NOTED, however, that with the con-
version to the new distillate fuel (NSDF), the
fuel will not need to be heated as the viscosity
is much lower than the fuel oil (NSFO) now being
used. The fuel must be forced into the furnace
under pressure through the atomizers which
divide the fuel into very fine particles. Mean-
"while, combustion air must be forced into the
furnace and admitted in such-a way that the air
will mix thoroughly with the finely divided fuel.
And finally, it is necessary to supply enough
heat so that the fuel will ignite and continue to
burn, .
Combustion i8 a chemical process which

results in the rapid release of energy in the

form of heat and light. When a fuel burns, the
chemical reactions between the combustible
elements in the fuel and the oxygen in the air
result in new compounds. The combustible com-
ponents of fuel are mainly carbon and hydrogen,
which are present largely in the form of hydro-
carbons. Sulfur, oxygen, nitrogen, and a small
amount of moisture are also present in fuel.

In almost all burning processes, the prin-
cipal reactions are the combination of the car-
bon and the hydrogen in the fuel with the oxygen
in the air to form carbon dioxideand a relative-
ly small amount of water vapor. In the absence
of sufficient air to form carbon dioxide, carbon
monoxide will be formed. A reaction of lesser
importance is the combination of sulfur and
oxygen to form sulfur dioxide.

Atmospheric air is the source of oxygen for
the combustion reactions occurring in a boiler
furnace. Air is a mixture of oxygen, nitrogen,
and small amounts of carbon dioxide, water
vapor, and inert gases. The approximate com-
position of air, by weight and by volume, is as
follows: )

Weight
(Percent)

Yolume
(Percent)

20.91

Element

OXygeNeseeeeasesse 23.15

Nitrogen, etc. v o o4 76.85 79.09
At the proper temperature, the oxygen in
the air combines .chemically with the combus-
tible substances in the fuel. The nitrogen,
which is 76.85 percent by weight of all air en-
tering the furnace, serves no useful purpose in
combustion but is rather a direct source of heat
loss, since it absorbs heat in passing through
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the furnance and carries off a considerable
amount of heat as it goes out the stack.

When a combustion reaction occurs, a defi-
nite amount of heat is liberated. The total
amount of heat released by the combustion of a
fuel is the sum of the heat released by each
element in the fuel. The amount of heat liber-
ated in the burning of each of the principal ele-
ments in fuel oil is as follows:

Chem-
Element ical
Symbol

Heat Released
By Combustion
'(;BTU perlbi

62,000

Hydrogen (to water). . Hz

Carbon (to carbon

monoxide). . .... C 4,440

- Carbon (to carbon

dioxide) .. . .... C 14,540
Sulfur (to sulfur

dioxide) . « c ... S 4,050

Notice that much more heatisliberated when
carbon is burned to carbon dioxide than when it
is burned to carbon monoxide, the difference
being 10,100 Btu per pound. In burning to car-
bon monoxide, the carbon is not completely
oxidized; in burning to carbon dioxide, the car-
bon combines with all the oxygen possible, and
thus oxidation is complete.

Thus far in this discussion, we have assumed
that the oxygen necessary for combustion was
present in the exact amount required for the
complete combustion of all the combustible ele-
ments in the fuel. However, it is not a simple .
matter to introduce just exactly the required
amount of oxygen-—no more, no less—into the
boiler furnace.

Since atmospheric air isthe source of oxygen
for the combustion process that occurs in the
boiler furnace, let us first calculate the amount of
air that would be needed to furnish 1 pound of
axygen. By weight, the composition of air is |
23.15 percent oxygen and 76.85 percent nitrogen
(disregarding the very small quantities of other 1
gases present in air). To supply 1 poundof oxy-
gen for combustion, therefore, it is necessaryto
supply 1/0.2315 or 4.32 pounds of air.

Since nitrogen constitutes 76.85 percent of the
air (by weight), the amount of nitrogen in this
4,32 pounds of air will be 0.7685 x 4.32 or 3.32
pounds. As mentivnedbefore, the nitrogenserves
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no useful purpose in combustion and is a direct
source of heat loss. :

Calculations will show that approximately
14 pounds of air will furnish the oxygen theo-
retically required for the complete combustion
of 1 pound of fuel. In actual practice, of course,
the amount of air necessary to ensure complete
combustion must be somewhat in excess of that
theoretically required. About 10 to 15 percent
excess air is usually sufficient toensure proper
combustion. Too much excess air serves no
useful purpose, but merely absorbs and carries
off heat,

When fuel is burned in the bofler furnace,
‘the difference between the HEAT INPUT andthe
HEAT ABSORBED represents the HEAT LOSS.
Heat 1osses may be unavoidable, avoidable, or—
in some cases—avoidable only to a limited ex-
tent. Most heat iosses may be accounted for,
but some losses cannot normally be accounted
for.

All fuel contains a small amount of mois-
ture which must be evaporated and superheated
to the furnace temperature, Since the expendi-
ture of heat for this purpose constitutes a heat
loss in terms of boller efficiency, every pre-
caution should be taken to prevent contamination
of the fuel oll with water. .

All tuel contains some hydrogen which, when
combined with oxygen by the process of com-
bustion, forms water vapor. This water vapor
must be evaporated and superheated, and inboth
processes it absorbs heat. Consequently, al-
though the heat of combustion of hydrogen is
very great, a small heat 1088 occurs because

the water vapor formed as a result of the com- -

bustion of hydrogen must be evaporated and
superheated,

Since atmospheric air is the source of the
oxygen utilized for combustion in the boller
furnace, there is bound to be some moisture in
the combustion air. This moisture must be
evaporated and superheated, and therefore con-
stitutes a heat loss,

The heat 1088 due to heat being carried away
‘by combustion gases is the greatest of all the
heat losses that occur in a boller. Although
much of this heat loss is unavoidable, some
may be prevented by keeping all heat-transfer
surfaces clean and by using no more excess air
than is actually required for combustion,

Another heat 1088 occurs because of In-
complete combustion of the fuel, When the carbon

in the fuel isburned to carbon monoxide, instead
of carbon dioxide, there is a tremendous heat.

b

loss of 10,100 Btu per pound. This should be
considered an avoidable 1088, since the admis-
sion of a sufficient amount of excess air will
ensure complete combustion.

Heat losses that cannot be measured or
that are impracticable to measure are (1) losses
due to unburned hydrocarbons, gaseous or solid;
(2) 10sses due to radiation; and (3) other losses
not normally accounted for.

FIREROOM OPERATIONS

Although a complete discussion of fireroom
operations is beyond the scope of this text,
some understanding of the major factors involved
in boiler operation may be useful.

Basically, the fireroom force must control
three inputs—feed water, fuel, and combustion
air—in order to provide one output, steam. Under
steady steaming conditions, when steam demands
are relatively constant for long periods of time,
there is no great difficulty about providing a
uniform flow of steam tothe propulsion turbines,
But one of the special requirements of naval
ships is that they must be able to maneuver and
to change speed quickly, and this requirement
imposes upon the fireroom force the responsi-
bility for making very rapid increases and de-
creases in the amount of steam furnished to the
engineroom. Under conditions of rapid change,
boller operation is a teamwork jobthat requires
great skill and alertness and smooth coordina-
tion of efforts by several men.

For manual operation of the bollers, a normal
fireroom watch consists of one petty officer in
charge of the watch; one checkman for each
operating boiler; one burnerman for each oper-
ating bofler front; one blowerman for each
operating boliler; and one or more men to act
as messengers and to check the operation of
the auxiliary machinery. When automatic boiler
controls are installed, boilers may be operated
with fewer men on watch when the controls are
being used.

When a boiler is being operated manually,
the checkman controls the water level in the
boiler by manual operation of the feed stop and
check valves, The checkman stands at the upper
level, near the feed stop and check valves, and
near the boiler gage glass. The checkman admits
water to the boller as necessary to maintainthe
water at or very near the designed water level.
The check watch requires the utmost vigilance

.- -and reliability; if any one job in the fireroom
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can be said to be more important thanany other,
the checkman’s job is the one,

One of the greatest difficulties inmaintaining
the water level arises from the fact that the
boiler water swells and shrinks as the firing
rate is changed. As the firing ratc isincreased,
there is an increase in the volume of the boilez
water. This increase, which is known as swell,
occurs because there is an inci ¢48e inthe num-
ber and size of the steam bubbles in the water.
As the firing rate is decreased. there is a di-
crease in the volume of the water. This de-
crease, which is known as shrink, occurs be-
cause there are fewer steam bubbles and they
are of smaller size. Thus, for any given weight
of boiler water, the volume varies with the rate
of combustion.

The problem of swell and shrink becomes
even more complex when we remember that the
evaporation rate also increases as the firing
rate increases and decreases as the firing rate
decreases. When the firing rate is increased,
therefore, the checkman must remember to
feed more water to the boiler, even though the
water level has already risen momentarily be-
cause of swell, On the other hand, the checkman
must remember to feed less water to the boiler
when the firing rate is decreased, even though
the water level has already dropped. Because
these actions may appear to be contrary to
common Sense to a person who does not under-
stand the concept of swell and shrink, a good
deal of training is usually required before a
man can be considered qualified to stand a
check watch.

The control of combustion involves the con-
trol of fuel and the control of combustion air.
There are three ways in which the firing rate
may be increased or decreased in order to meet
changes in steam demand: (1) by increasing or
decreasing the fuel pressure, (2) by increasing
or decreasing the number of burners inuse, and
(8) by changing the sizc of the sprayer plates in
the atomizer assemblies. With every change,
the amount of combustion air supplied to the
boiler must also be changed in ordertomaintain
the proper relationship between fuel and com-
bustion air. The burnerman and the blowerman
must therefore work very closely together in
order to provide efficient combustion in the
boiler furnace. - »

The burnerman cuts burners in and out and
adjusts the oil pressure as necessary to keep
the steam pressure at the required value. The
burnerman is guided by the steam drum pressure
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gage. Also, he watches the annunciator which
shows the signals going from the bridge to the

. engineroom, and in this way he can tell what

steam demands are going to be made.

On a douh'c-furnace boiler, there are two
burnermen—one for the saturated side and one
for the superheates side. The burnerman on the
superhester side cuts burners in and out and
adjusts fuel pressure to keep the superheater
outlet temperature at the required value. The
surnsrnan on the superheater side is guided

"y the i!stant-reading thermometer which indi-

cates the temerature of the steam atthe super-
heater outlet. In addition, he muet keep a close
check on the actions of the saturated-side
burnerman so that he will always know how
many buimers are in use on the saturated side.

When two boilers are furnishing steam to
the same engine, the burnermen of both boilers
must wnrk together to see that the load is
equally divided between the two botlers.

The blowermsan i8 responsibie for operating

-the forced dratt biowers that supply comiustion

air to the boiler. Although the air pressure in
the double casings is affected by the number of
rcgisters in use and by the extent to which each
register is open, it I8 chiefly determined by the
manner in which the forced draft blowers are
operated. The opening, setting, or adjusting of

the air registers is the burnerman’s job; the

control of the forced draft blowers isthe blower-
man’s job. As may be apparent, the burnerma
and the blowerman must each know what the
other man is doing at all times. The blowerman
must always increase the alr pressure before
the burnerman incireases the rate of combus-
tion, and the burnerman must always decrease
the rate of combustion before tle blowerman
decreases the air pressure.

I a boiler is not being supplied with suffi-

cient air for combustion, everyone in the fire-
room will know about it immediately. Tiie bofler
will begin to.pant and vibrate, and the fireroom
force will receive complaints of ‘‘heavy black
smoke’’ from the bridge. If the boller is being
supplied with too much air—that is, more excess
air than I8 required for efficient combustion—
the fireroom force may or may not know about
it immediately. White smoke coming from the
smokepipe is always an indication of large
amounts of excess air. However, a perfectly
clear smokepipe may be deceiving; it may mean
that the boiler is operating with only a small
amount of excess air, but it may also mean that
a8 much as 300’ percent excess air is causing
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enormous heat losses. The blowerman must
learn by experience how much air pressure
should be shown on the air pressure gage for
all the various combinations of different num-
bers of burners, different sizes of sprayer
plates, and different fuel pressures,

The number of men assigned to operate the
fireroom auxiliary machinery varies from one
ship to another, depending upon the size of the
ship and the number of men available. Some
ships may have two or more men assigned to
this duty; on other ships, the work may be done
by the petty officer in charge of the watch or
by the messenger, The burnerman and the
blowerman may also take care of some of the
-auxiliaries. The checkman must never be given
any duties other than his primary ones of watch-
ing and maintaining the water level.

All fireroom operations are supervised and
coordinated by the petty officer in charge of the
watch, The petty officer in charge of the watch
supervises all lighting off, operating, and se-
curing procedures. He keeps the engineroom
and the engineering officer of the watch in-
formed of operating conditions when necessary.
He must be constantly alert to the slightest
indication of trouble and must be constantly
prepared to deal with any casualty that may
occur. The petty officer in charge of the watch
is responsible for making sure that all safety
precautions are being observed and that unsafe
operating conditions are not allowed to exist.

FIREROOM EFFICIENCY

The military value of a naval vessel depends
in large measure upon her cruising radius,
which, in turn, depends upon the efficiency with
which the engineering plant is operated. Perhaps
the largest single factor ‘in determining the
efficiency ‘of the engineering plant is the effi-
ciency with which the bollers are operated.
Greater savings infuel, with consequent increase
in steaming radius of the ship, may often be
made in tlie fireroom than in all the rest of the
engineering plant put together.

The capacity of a boller is defined as the
maximum rate at which th2 boiler can generate
¢ steam, The rate of steam generation is usually
expressed in terms of pounds of water evapo-
rated per hour. You should know something of

f the limitations upon boiler capacity, the sig-
} nificance of full-power and overload ratings,
6 and the procedure for checking on boiler loads,

The capacity of any boiler is limited by
three factors that have to dobothwiththe design
of the boiler and with its operation. These lim-
itations, " which are known as end points, are
(1) the end point for combustion, !'2) the end
point for moisture carryover, and (3) the end
point for water circulation.

Boilers are so designed that the end point
for combustion should occur at a lower rate of
steam generation than the end point for mois-
ture carryover, and the end point for moisture
carryover at a lower rate than the end point for
water circulation. Since the end point for com-
bustion occurs firs:, it is the only end point that
is likely to be reached in a properly designed
and properly operated boiler. However, it should
be understood that it is quite possible to reach
the end points for moisture carryover and water
circulation before reaching the end point for
combustion, by using larger sprayer plates than

. those recommended by the manufacturer or by
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the Bureau of Ships. In such a case, the boiler

might suffer great damage before the end point .

for comtguatlon was reached.
End Point for Combustion

The process of burning fuel in a boiler
furnace involves forcing the fuel intothe furnace
at the proper viscosity through atomizers which
break up the ofl into a foglike spray, and forcing
air into the furnace in gsuch a ‘way that it mixes
thoroughly with the ofl spray. The amount of fuel
that can be burned is limited primarily by the
actual capacity of the equipment that supplies
the fuel (including the capacity of the sprayer
plates), by the amount of air that can be forced
into the furnace, and by the ability ofthe burner
apparatus to mix this air with the fuel. The
volume and shape of the furnace are also llmlt-
ing factors.

The end point for combustion for a boller is
reached when the capacity of the sprayer plates,
at .the designed pressure for the system, is
reached or when the maximum amount of air
that can be forced into the furnace is insufficient
for complete combustion of the fuel. If the end
point for combustion is actually reached because
of insufficient air, the smoke in the uptakes will
be black because it will contain particles of
unburned fuel. However, this condition should be
rare, since the end point for combustion is
artificially limited by sprayer plate capacity
when the fuel is supplied at the burner manifold
at designed operating pressure. Asnoted before,

e KA Il B A b A 2 e s

-




5
b
&
4

PRINCIPLES OF NAVAL ENGINEERING

this artificial limitation upon combustion in the
boiler furnace is the factor that would cause the
end point for combustion to occur before either
of the other two end points,

End Point for Moisture
Carryover

The rate of steam generation should never
be increased to the point at which an excessive
amount of moisture is carried over inthe steam.
In general, naval specifications 1imit the allow-
able moisture content of steam leaving the
saturated steam outlet to 1/4 of 1percent.

As you know, excessive carryover can be
extremely damaging to piping, valves, and tur-
bines, as well as to the superheater of the
boiler, It is not only the moisture itself that
is damaging but also the insoluble matter that
may be carried in the moisture. This insoluble
matter can form scale on superheater tubes,
turbine blades, piping and fittings; in some
cases, it may be sufficient to cause unbalance
of rotating parts.

4

As the evaporation rate is increased, the -

amount of moisture’ carryover tends toincrease
also, due to the increased release of steam
bubbles. Because modern naval boilers are
designed for high evaporation rates, steam
separators and various baffle arrangements
are used in the steam drum to separate mois-
ture from the steam.

End Point for Water -

- Circulation

In natural circulation boilers, circulation is

dependent upon the difference between the density

. of the ascending mixture of hot water and steam
and the density of the descending body of rela-

tively cool water, As the firing rate is increased,
the amount of heat transferred to the tubes is
also increased. A greater number of tubes carry
the upward flow of water and steam, and fewer
tubes are left for the downward flow of water,
Without downcomers to ensure a downward flow
of- water, a point would eventually be reached
at which the downward flow would be insufficient

to balance’ the upward flow of water and steam,
and some tubes would become overheated.and -

burn out. This condition would determine the end
point for water circulation, - s
- The use of downcomers ensures that the
end point for water circulationwill not be reached
merely because the firing rate is increased.

Other factors that influence the circulation in a
natural circulation boiler are the location of
the burners, the arrangement of baffles in the
tube banks, and the arrangement of tubes in the
tube banks. .
Full-power and overload ratings for the
boilers in each ship are specified in the manu-

facturer’s technical manual.  The total quantity
_.of steam required to develop contract shaft

horsepower of the ship, divided by the number
of bollers installed, gives boiler full-power
capacity. Boiler overload capacity 1s usually
120 percent of boiler full-power capacity. For
some bollers, a specific assigned maximum fir-
ing rate is designated.

A boiler should not be forced beyond full-
power capacity—that is, it should not be steamed
at a rate greater than that requlred to obtain
full-power speed with all the ship’s boilers in
use. A boiler should never be steamed beyond
its overload capacity, or fired beyond the as-

signed maximum firing rate, except in dire _'.

emergency.
Checking Bol_ler Efficiency

In order to check on boiler efficiency it is
necessary to compare the amount of fuel actu-

ally burned in a boiler with the amount that -

should be burned. This check is usually made
during economy runs and during full-power
runs, As a rule, 4 hours are allowed for each
run, During the run, fuel consumption is meas-
ured at intervals of precisely 1 hour. This
measure, when corrected for meter error and
verified by tank soundings, gives the amount of
fuel that is actually used,

The amount of fuel that should be used under
specified conditions may be taken from tables
or curves supplied in the manufacturer’s tech-
nical ‘manual for the boilers or from the ship’s
fuel performance tables. Since these two sources
give different figures for the amount of oil that
should be burned under various conditions, it is
necessary to make a clear distinction between
them. The differences, incidentally, arise from
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the fact that there are two basic approaches to :

the proble/m of checking on fuel consumption,
When you-are concerned only with boiler per=-

. formance, you use the tables and charts fromthe -
. manufacturer’s technical manual; when you are

concerned with plant performance with respect
to fuel consumption, you use the ship’s fuel

: performance tables. .
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| BOILER CASUALTY CONTROL

There are many fireroom casualties which
require a knowledge of preventive measures
and corrective measures. Some are major, some
- | are minor; but all can be serious. In the event
l of a casualty, the principal doctrine to be im-
] pressed.upon operating personnel isthe preven-
tion of additional or major casualties. Under
i : normal operating conditions, the safety of per-

. sonnel and machinery should be given first
consideration. Therefore, it i8s necessary to
. know instantly and accurately what to do for
- each casualty. Stopping to find out exactly what
. must be done for each casualty could mean loss
b of life, extensive damage to machinery, and even
complete failure of the engineering plant. A
fundamental principle of engineering casualty
control is split-plant operation. The purpose of
split-plant design is to minimize the damage
that might result from any one casualty which
affects propulsion power, steering, and elec-
trical power generation,

Although speed in controlling a casualty is
essential, action should never be taken without
accurate Information; otherwise the casualty
may be mishandled, and further damage to the
machinery may result. Cross-connecting and
intact engineering plant with a partly damaged
one must be delayed until it is certain that such
action will not jeopardize the intact one.

Cross-connecting valves are provided for
the main and auxiliary steam systems and other
engineering systems so that any boiler or group
of boilers, either forward or aft, may .supply
steam to each engineroom. These systems are
discussed in chapter 9 of this manual showing

some types of ships.

The discussion of fireroom casualties inthis
chapter is intended to give you an overall view
of how casualties should be handled. For further
information on casualty control, study the Naval
Ships Technical Manual, Chapter 9880, and the
casualty control Instructions Issued for each
type of ship,

chapter are usually treated in a step-by-step
procedure, but it is beyond the scope of this
chapter to give each step -in. handling each
casualty, In.the step-by-step procedure .one
step is performed, then another, then another,
. and - 80 forth,” In handling actual. casualties,

bly have tobe modified. Different circumstances

the construction of the split-plant deslgn on

Most of the casualtles discussed ln this

however, this step-by-step approachwill proba= "

may require a different sequence of steps for
control of a casualty. Also, in handling real
casualties several steps will have to be per-
formed at the same time. For example, main
control must be notified of any casualty to the
boflers or to associated equipment. I ‘‘Notify
main control” is listed as the third step in
controlling a particular casualty, does this mean
that the main control is not notified until the
first two steps have been completed? Not at
all. Notifying main control is a step that can
usually be taken at the same time other steps
are being taken. It is probably helpful tolearn
the steps for controlling casualties in the order
in which they are given; but do not overlook
the fact that the steps may have tobe performed
slmultaneously.

FEED WATER CASUALTIES

Casualties in the control of water level in-
clude low water, high water, feed pump casual-
ties, loss of feed suction, andlowfeed pressure.
These casualties are some of the most serious
ones.

Low water is one of the most serious of
all fireroom casualties. Low water may be
caused by failure of the feed pumps, ruptures
in the feed discharge line, defective check
valves, low water in the feed tank, or other
defects.

However, the most frequent cause of low
water is inattention on the part of the checkman
and the PO in charge of the watch, or the di-
version of their attention to other duties. The
checkman’s sole responsibility is to keep the
water in the boiler at a proper level.

Low water is extremely damaging to the
boiler and may endanger the lives of fireroom

- personnel. When the furnace is hot and there

is insufficient water to absorbthe heat, the heat-
ing surfaces are likely to be dlstorted, the
brickwork damaged, and the boiler casing warped
by the excessive heat, Inaddltlou, serious steam

and water leaks may occur as a result of low
- water. :
Disappearance of the water level from the.

water gage glasses must betreated as a casualty
requiring the immediate securing of the boiler!

" It should be noted that when the water level
falls low enough to uncover portions of the
tubes, the heat transfer surfice is reduced. As
a rule, therefore, the steam pressure will drop.

. Ordinarily a drop in steam pressure is the

result of an increased demand for steam, and

27%
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the natural tendency is to cut in more burners
to fulfill the demand, I the drop insteam pres-
sure i8 caused by low water, however, increas-
ing the firing rate will result in serious damage
to the boiler and possibly in injury to fireroom
personnel. The possibility that a drop in steam

ressure indicates low water must always be
%{:’E Tn mind! ﬁways check the level I% the

water eggsglnses belore cutting In additional

“burners, when steam pressure has dropped for

no ent reason.
ﬁf% water Is another serious casualty that
is most frequently caused by the inattention of

the checkman and the PO in charge ofthe watch.

- I the water level in the gage glass goes above

the highest visible part, the boiler must be
secured immediately.

By careful observation, it is sometimes pos-
sible to distinguish between an empty gage glass
and a full one by the presence or absence of
condensate trickling down the inside of the
glass., The presence of condensate .ndicates,
of course, an empty glass—that is, a low water
casualty. However, the boller must be secured
whether the water is high or low. After the
boiler has been secured, the location of the
water level can. be determined by using the
gage glass cutout valves and drain valves.

Failure of a feed system pump can have
drastic consequences. Unless the pump casualty
is corrected immediately, the pump failure
will lead to low water in the boiler. In addition

Some of the most likely causes of failure of
the main feed pump are (1) malfunction of the
constant-pressure pump governor, (2) and air-
bound or vapor-bound condition of the main
feed pump, (3) faulty pump clearances, and (4)
malfunction or improper setting of the speed-
limiting governor,

In many installations, the feed booster pump
and the main feed pump are in the engineroom.
In other installations, the feed booster pump is
in the engineroom but the main feed pump is in
the fireroom, In this latter type of installation,
failure of the feed booster pump will be indi-
cated to the fireroom force by loss of main
feed pump discharge pressure and by the sound-
ing of the low pressure feed alarm that is
usually fitted where this type of machinery
arrangement exists, The casualty to the feed
booster pump will be dealt with by engineroom
personnel, if the pump is in the engineroom;
but fireroom personnel must take immediate

R e SRRV LSOV RSPV

.action to maintain a supply of feed water to the

to the obvious dangers assoclated with low -

water, there are some which are equally serious
but not so obvious. For example, low water
causes complete or partial loss of steam pres-
sure; When steam pressure is lost or greatly
reduced, you will lose the services of vital
auxiliary machinery—pumps, blowers, and so
forth. ‘It is essential, therefore, that feed pump
casualties be handled rapidly and correctly.

I the main feed pump discharge pressure
is too low, the first three things to be checked

are (1) the feed booster pump discharge pres~

sure, (2) the level and pressure in the deaerat-
ing feed tank, and (3) the feed stop and check
valves on idle boilers. A faflure of the feed
booster pump will, of course, cause loss of
suction and, therefore, 1088 of discharge pres-
sure of the main feed pump. If the feed stop
and check valves on idle boilers have acciden-
tally been left open, the main feed pump dis=
charge pressure may be low merely because
water has been pumped to an idle boiler, as
well as to the steaming boller.
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boller.

If the engineroom is unable to remedy the
gituation immediately,
feed pump on cold suction. The emergency
feed pump can take a hot suction from the feed
booster pump, or a cold suction from the re-
serve feed tanks, In standby condition, this
pump should always be lined up on cold suction.

If the main feed pump fails and there i8 no

standby pump available, start the emergency

feed pump on hot suction and continue to feed
the boller. If the feed also fails then it will be
necessary to start the emergency feed pump on
cold suction. -

I the emergency feed pump falls, the pro-
cedures for ml%g the casualty will vary

2ccording to the situation existing at the time i

of the failure,
In many ships, the emergency feed pump is

normally used for in-port operation, with the :
main feed pump in standby condition and the "

feed booster pump providing a hot suction for

the emergency feed pump. Under these condi- ‘s

tions, emergency feed pump fallure can be

handled by notifying the engineroom so that the @
main feed pump can be put on the line and used

to feed the boiler,
A more difficult problem will arise if the

emergency feed pump fails when it 18 beingused |
because of a previous casualty to the feed 3

start the emergency

booster pump or to the main feed pump, Under
_these -conditions, it may be possible to deal with %

the situation by cross-connecting and using a 3 E
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pump in some other space to supply feed to the

- bofler. ¥ the operating conditions do not allow

this solution of the problem, it will be neces-
sary to secure the boiler immediately in order
to prevent a low water casualty.

FUEL SYSTEM CASUALTIES

Casualties to any part of the fuel oil system
are serious and must be remedied at once.
Common casualties include (1) oil in the fuel
oil heater drains, (2) water in the fuel oil, (3)
loss of fuel oil suction, (4) failure of the fuel

oil service pump, and (5) fuel oil leaks, It

should be noted that these casualties to the fuel
oil system are for ships burning NSFO. The
procedures for ships burning other types of fuel
will differ to some extent, but not in all cases.

Oil leakage from the fuel oil heaters. into
the drains may cause oil contamination of the
drain lines, the reserve feed tanks, the deaerat-
Ing feed tank; and the feed system piping and

"pumps. The presence of oil in any part of the

feed system is dangerous because of the possi-
bility that the oil will eventually reach the
boilers, where it will cause steaming difficulties
and serious damage to the boilers. '

Fuel oll heater drains must be lnspected
hourly for the presence of oil, »

The presence of an appreciable amount of

water in the fuel oil is indicated by hissing and
sputtering of the fires and atomizers and by
racing of the fuel oil service pump. The situa-
tion must be remedied at once; otherwise, choked
atomizers, loss of fires, flarebacks, and re-
fractory damage may result, e

A loss of fuel oil suction usually indicates

very explosive. Any oil spillage or leakage must
be wiped up immediately,

FLAREBACKS

A flareback is likely to occur whenever the
pressure in the furnace momentarily exceeds
the pressure in the boiler air casing. Flare-
backs are caused by an inadequate air supply
for the amount of oil being supplied, or by a
delay in lighting the mixture of air and oil.

Situations which commonly lead to flare-
backs include: (1) attempting to light off or to
relight burners from hot brickwork; (2) gunfire
or bombing which creates a partial vacuum at
the blower intake, thus reducing the air pres-
sure supplied by the blowers; (3) forced draft
blower failure; (4) accumulation of unburned
fuel oil or combustible gases in furnaces, tube
banks, uptakes, or air casings; and (5) any
event which first extinguishes the burners and
then allows unburned fuel oil to spray out into
the hot furnace. An example of this last situa-
tion might be a temporary interruption of the
fuel supply which would cause the burners to
go out; when the fuel oil supply returns to
normal, the heat of the furnace might not be
sufficient to relight the burners immediately.
In a few seconds, however, the fuel oll sprayed
into the furnace would be vaporized, and a
flareback or even an explosion might result,

- SUPERHEATER CASUALTIES

that the oil in the service suction tank has -

dropped below the level of the fuel oil service

pump suction line., This causes a .mixture of '

air and oil to be pumped to the atomizers. The
atomizers begin to hiss and the fuel oil service

| pump begins to race. It must be strongly em-

phasized that the loss of fuel oil suction can
cause serious’ results., Related casualties may
include loss of auxiliary steam -and electric
power, with the complete 108s of allelectrlcally
driven and steam-driven machinery.

Failure of the fuel oil service pump can

‘cause the same progressive series of casual-

ties as those whlch result from loss of mel oil
suction,

Fuel oil leaks are very sertous, no matter:
how small they may be. Fuel oil vapors are

218

If the dlsdtant-readlh'g superheater thermom-
eter does not register a normal increase in
temperature when the superheater is first
lighted off, the trouble may be either lack of
steam flow or failure of the distant-reading

thermometer. Lack of steam flow must be con- -

sidered as-a possible cause even if the super-
heater steam flow indicator (if installed) shows
that there Is a flow, If the thermometer does

" not register a normal increase in temperature,

- may reduce or entirely stop the flow of steam _

secure all superheater burners,

When operating with superheat, it is essen-
tial to keep a constant checkonthe flow of steam
through the superheater and on the superheater
outlet temperature. Any deviation from normal
conditions must be corrected without delay.

It is important to remember that a:casualty

to some other part of the engineering plant .

through the superheater, and 8o cause a super-
heater casualty, unless appropriate action iIs

2
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taken to prevent damage, For example, a
casualty to the main engines might call for a
sudden large reduction or even a complete
stoppage of steam flow. Even if the superheater
burners are secured, there will still be a need

" for steam flow to protect the superheater from

the heater of the furnace. Inthis event, or when-
ever a greater flow is required than can be

obtained by ordinary means, lift the erheater

safety valves hand to ensure a i‘t'lve flow
eam e rheater. ’

en the superheater thermal alarm sounds,

the superheater fires must be immediately de-

creased to bring the temperature below alarm

temperature, Do not decrease the temperature

further than necessary. R 18 very seldom
necessary to secure all superheater burners

"in order to bring the temperature down to the

prescribed point,
cASUAL'i'ms TO REFRACTORIES

It brick or plastic falls out of the firnace

walls and goes unnoticed, burned casings may -

result, I brick or plastic falls out of a furnace
wall, if practicable, secure all the burners.
If it 18 not practicable to secure all the burners,
secure those burners which are adjacent to the
damaged section., NOTE: It may be necessary
to continue operating the boiler until another
boiler can be brought in on the line.

CASUALTIES TO BOILER
PRESSURE PARTS

When boiler pressure parts, such as tubes,
carry away or rupture, escaping steam may
cause serious’ injury to personnel and damage
to the boiler. It is urgent that the boiler be se-
cured, relieved of its pressure, and cooleduntil
no more steam is generated. If a boiler pres-
sure part carries away or ruptures, take steps
immediately upon discovery of the casualty, to
minimize and localize the damage as much as
circumstances will allow. .

Gage glasses are connected to the water and
steam spaces of the steam drum. If a water
gage glass carries away, the mixture of steam
and water escaping from the gage connections
may: seriously burn personnel in the area. A

ball check valve in the highk pressure gage line

functions when the flow 18 excessive. In addi-
tion, the hazard of flying particles of glass

)
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makes this casualty very serious, Theparticles
of glass could lodge in your eyes and blind you,
or they could lodge elsewhere in your body and
cause serious injury. If a gage glass casualty
occurs, throw a large sheet of asbestos cloth,
rubber matting, or similar material over the
glass. Then take immediate action to secure

the gage glass.

"PRECAUTIONS TO PREVENT FIRES

o/
The following precautions must be taken to
prevent fires:

1. Do not allow oil to accumulate in any
place. Particular care must be taken to guard
against ofl accumulation in drip pans under
pumps, in bilges, in the furnaces, on the floor
plates, and in the bottom of air-encasedboilers.
Should leakage from the oil system to the fire-
room occur at any time, immediate actionshould
be taken to shut off the oil supply by means of
quick-closing valves and to stop the oil pump.

2, Absqlutely tight joints in ail oil lines
are essential to safety. Immediate steps must
be taken to stop leaks whenever they are dis-
covered, Flange safety shields should be in-
stalled on all flanges in fuel oil service lines
to prevent spraying oil on adjacent hot surfaces.

8. No lights should be permitted in thefire-
room except electric lights (fitted with steam-

tight globes, or lenses, and wire guards), and

permanently fitted smoke Indicator and water
gage lights. If work is being done inthe vicinity

of flammable vapors, or if rust-preventive com~

pound or metal-conditioning compound is being
used, all portable lights should be of the ex-
plosion proof type. :

BOILER MAINTENANCE

“The engineer officer must keep himselffully

i

R g
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acquainted with the general condition of each

boiler and the manner in which each is being
operated and maintained. He must satisfy him-
self, by periodic inspections, that the exterior
and interior surfaces of the-boiler are clean;
that refractory linings adequately protect
the ¢ , drums, and headers; that the Integ-
rity of the pressure parts are being maintained;
and that the operating condition of the burners,

safety valves, uperating instruments, and other §
_boiler appurtenances are satisfactory. -8
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The engineer officer must assure A himself
that the idle boilers are properly secured at all
times, and while steaming, the fuel oil used is
free of sea water, and the feed water is within

prescribed limits, free of salts, entrained oxy-
" gen, and oil,

All parts of the boiler must be carefully
examined whenever they are exposed for clean-

ing and overhauling, and the conditions observed -

must be described in the boiler record sheet
and the engineering log. All unusual cases of
damage or deterioration discovered at any time
should be reported to the type commander,
stating in detail the extent of injury sustained,

it

remedies applied, and the causes, if deter-
mined. If considered of sufficient importance,
or technical assistance is desired from the Naval
Ship Systems Command, a copy of the corre-
spondence should be forwarded to the Naval
Ship Systems Command.

. The requirements for fireroom maintenance
and repair are established by the Planned
Maintenance Subsystem; information on this
system is contained In the Maintenance and

Material Manas%ment 53-M2 Manual, OPNAV
- 43P2 Revised edition, ireroom maintenance

shall be conducted in accordance with this
system. )
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CHAPTER 11

BOILER FITTINGS AND CONTROLS

The fittings, instruments, and controls used
on naval boilers are sufficiently numerous and
important to warrant separate discussion. The
term boller fittings is used to describe a num-
ber of aﬁclﬁen%a which are installed in or
closely connected to the boiler and which are
required for the operation of the boiler, Boller
fittings .are generally divided into two classes.
Internal flttg\ﬁs (also called internals)are those
installed inside the steam and water spaces of
the boller; external fittings
outside the steam and water spaces. Boliler
instruments such.as pressure gages and tem-
perature gages are usually regardédas external
boiler fittings. Boiler controls are special sys-
tems which automatically control the fuel oil,
combustion air, and feed water inputs in order
to regulate the steam output of the boiler.

INTERNAL FITTINGS

The internal fittings installed in the steam
drum usually include equipment for distributing
the incoming feed water, for giving surface
blows, and for directing the flow of steam and
water within the steam drum. Inaddition, bollers
which do not have controlled superheat have
desuperheaters for desuperheating steam needed
for auxiliary purposes; the desuperheater is
most commonly installed in the steam drum,
but {8 installed in the water drum in some of
the newer boilers. Internal tittings in some
boilers also include equipment for injecting
chemicals for boiler water treatment.

The specific design and arrangement of
boiler internal fittings varies somewhat from
one type of boiler (and from one boiler manu-
facturer) to another. The arrangement of inter-

‘nals in -several bollers I8 therefore described

here. _
Figure 11-1i{llustrates atypical arrangement
of internal fittings installed in the steam drum

are those installed

_of a header-type boiler. This illustration also

shows many of the external connections, Feed
water enters through the feed inlet (A) andflows
to the internal feed pipe (B). The feed pipe is

capped at one end. The horizontal part of the -.:;

feed pipe runs about 80 percent of the 1ength of
the drum, well below the normal water level,
The feed pipe 18 perforated along the upper side
so that the feed water will be evenly distributed
aiong the length of the pipe.

The dry pipe (C) is suspended near the top
of the steam drum, along the centerline of the
drum. Both ends of the dry pipe are closed.
Steam enters by way of perforations in the
upper surface of the dry pipe. Thus the steam
must change direction in order to enter the dry
pipe. Since some moisture is lost whenever
steam changes direction, the dry pipe acts as
a device to separate steam and moisture, Steam
leaves the dry pipe through the main steam out-
let (D) and from there goes to the superheater.
A few perforations in the bottom of the dry pipe
allow water droplets to drain back down to the
water in the steam drum.

PR,
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A longitudinal baffle (N) also helps to sepa- ;
rate moisture from the steam before the steam |
enters the dry pipe. The baffle is installed in |

such a way as to allow steam to flow to the dry
pipe but to keep moisture (and any solid matter
that might be carried over with the moisture)
from entering the dry pipe.

The surface blow-off pipe (E) is used to re-
move grease, scum, and light solids from the

boiler water and to reduce the salinity of the !

boiler water while the boiler is steaming. The
surface blow-off pipe is installed near the cen-
ter of the steam drum, with the upper surface
of the pipe slightly below the normal water level
of the drum, The pipe runs almost the entire
length of the drum. Holes are drilled along the
top centerline of the pipe. One end of the plpe

is blanked off. The otherend is connectec_lthrollgh |

i
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CROSS SECTIONAL ELEVATION .

DESIGNATION OF SYMBOLS

« FEED INLET
« FEED PIPE

*DRY PIPE

o MAIN STEAM OUTLET
*SURFACE BLOW-OFF PIPE

* SURPACE BLOW-OFF NOZZLE
* DESUPERHEATER INLET

* DESUPERHEATER OUTLET

+ DESUPERHEATER

* CHEMICAL FEED INLET

+ CHEMICAL FRED PIPE

* SWASH PLATES

N+ BAFFLE !
P« SAFETY VALVE NOZZLES

A
3
C
D
e
]
G
H
J
K
L
M

38.42

Figure 11-1.—-Arrangement of internal fittings in
header-type botler,

+ | the drumhead to the surface blow-off nozzle (F).

". | When the surface blow valve is opened, the pres-
sure in the drum forces the water above the
blow-off pipe to go Into the pipe through the
holes on the top surface; the water from the

surface blow-off pipe then leaves the boiler by

way of the surface blow valve,

The desuperheater (J) is an assembly of pipe
lengths and return bends located belowthe water
level of the drum. Thesuperheater steam enters
( the desuperheater through the desuperheater
inlet (G), gives up its superheat to the water. in
the steam drum, and then—once again ator very
close to saturation temperature—passes through

L,
? i

the desuperheater outlet (H) before entering the
auxiliary steam line,

The chemical feed inlet (K) is connected to
the internal chemical feed pipe (L). Thechemi-
cal feed pipe has holes drilled in it to allow
even distribution of chemlicals used for boiler
water treatment. S

Swash plates (M) are used to reduce the
surging or swashing of water from one end of
the drum to the other as the ship moves. In
addition, the swash plates act ag supports for

@he internal feed pipe and for the desuperheater,

The. safety valve nozgles (P) are not nor-

mally considered internal fittings. These nozzles

P N P RO L TP
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connect the safety valves (not shown) to the
steam drum. .

The arrangement of internal fittings ina
double-furnace boiler with controlled superheat
is shown in figure 11-2, Thedry pipe, the inter-
nal feed pipe, and the surface blow line are
about the same as the corresponding fittings in
the header-type boller; but some of the other
fittings are different.

. The double-furnace boller has no‘ desuper- .
heater, since auxiliary steam is taken directly

from the steam-drum without passing first
through the superheater.

Swash plates are not required in the water
spaces of the double-furnace boller because this
type of boiler is always installed with the long
axis of the steam drum fore-and-aft rather than
athwartships. Surging of water, therefore, is
not a particular problem.

The double-furnace boiller does not have a
separate chemical feed pipe. Instead, chemicals
for boiler water treatment come into the steam
drum with the feed water and are therefore dis-
tributed with the feed water through the holes
in the internal feed pipe.

Perhaps the greatest difference in the inter-
nal fittings of the double-furnace boller and the
header-type boller is in the equipment provided
for the separation of moisture from the steam.
In the header-type boller, a steam baffle helps
to separate the moisture from the steam before

ORY PIPR CYCLONE SEPARATORS

NOZZILE PLATRS OF
MANIFOLD BAFFLE

INTERNAL PERD
rire

SURPACE REMOVABLE APRON PLATRS
BLOW LINE . P MANIFOLD DAPFLE
38.43

Figure 11-2.—Arrangement of internal fittings

in double-furnace boller, , .

the steam enters the dry pipe. In the double-
furnace boiler, cyclone steam separators are
used instead of a steam baffle, These sevara-
tors utilize centrifugal force to separate water
and steam. There are usually 18 of these sepa-
rators installed in the steam drum of a double-
furnace boller; half of them are installed onone
side of the drum and half on the other side.

The cyclone steam Separators are attached
to a manifold baffle which extends from just
forward of the generating tubes to just aft of
them. To avoid interference with boiler cir-
culation, the -manifold baffle does not reach as
far as the downcomers. The manifold baffle
curves around inside the lower half of the steam

~ drum, passing just below the internal feed pipe

and leaving a space of about 3 inches between

the baffle and the steam drum. The baffle i8
attached to the drum by means of two flat bars °

which hang from the drum, one on each side. '

The bars extend the full length of the baffle. '

Each bar contains ports or openings, and a

cyclone steam separator is placed over each .

port.

The general arrangement of the manifold
baffle and the cyclone steam separators may
be seen in figure 11-2, Now let us examine
figure 11-8 and trace the flow of steam and
water through the steam drum. The generating
tubes discharge a mixture of steam and water
into the space between the manifold baffle and
the steam drum. From this space, the only
passage avallable for the steam and water is
through the ports which open to the cyclone
separators. As the mixture passes through the

separators, the steam passes upward and the :

water is discharged downward,

T A & b e f e S e

The cyclone steam Separator is shown in éut- ;
away view in figure 11-4 and in plain view in

-figure 11-5. The mixture of steam and water ‘
enters the separator through the inlet connec- ;

tion, at a tangent to the separator body. Because
of its angle of entrance, the mixture of steam
and water acquires a rotary motion. As the
mixture whirls around, centrifugal force sepa-
rates the water from the steam. The water,
being heavier, is thrown out toward the sides
of the separator. The steam, beinglighter, tends
to remain near the center. An internal baffle
further helps to deflect the steam to the center
and the water to the outside, The steam then
rises through the center of the separator and

passes through the scrubber element. The h

scrubber consists of closely spaced corrugated

* gteel plates, As the steam passes through the

ERTY
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ORY PIPE

STEAM

WATER

SURFACE BLOW
LINE

Figure 11.3,—Flow of steam and water in steam drum ,

INTEERNAI. FEED

SCRUBBER

GENERATING
TuBESs

38.44

of double-furnace boiler.

scrubber, its direction is changed frequently,

and with each change of direction some mois- "

ture is lost, The steam passes out of the
scrubber element into the top part of the steam
drum and then enters the dry pipe.

While the steam Is rising, the water is fall-
ing to the base of the separator. Stationary
curved vanes in the bottom of the separator
serve to maintain the rotary motion of the water
until the water is finally discharged from the
bottom of the separator. Since the vanes are
located around the periphery of a flat plate, the
water passes from the separator only around

the outer edge. The flat plate also serves to-

keep the steam, which is in the center of the
Separator, - from being carrled downward with
the water,

A flat baffle plate is ﬂtted at the base of

| each of the two end separators on each side.

This baffle plate guides the water that is being
discharged from the separator to the center of
the drum, where it mixes thoroughly with the
rest of the water in the drum. Without such a
baffle, the water from these end geparators
would tend to flow directly to the downcomers

and, since it is hotter than the rest of the water

in the steam drum, it would tend to dlsrupt the
boller clrculatlon.

(K] .,, '. wl‘;
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Figure 11-6 illustrates the arrangement of
internal fittings In an older single-furnace
boiler. The internal fittings for this boiler are
quite similar to those found in the double-fur-
nace boiler, except that the single-furnace boiler
has a desuperheater (item 5 in fig. 11-6).

The internal fittings in the steam drum re-
quire routine maintenance and upkeep, Allmain-
tenance requirements’ shall be conducted in
accordance with the Planned Maintenance Sub-
system of the 3-M System.

When a boiler is opened for cleaning of
watersides, the internal fittings must be re-
moved, The fittings are bolted into place; re-
moving the bolts allows you to remove the
fittings. Be sure that all bolts and tools used
in removing the bolts are strictly accounted

for. When removing internal fittings, be sureto -
identify them so that you will be able to rein-

stall them correctly.

After removing the fittings from the steam
drum, thoroughly wirebrush and clean them.
Check the dry pipe, the internal feed line, and
the surface blow line to be-sure that all the
holes are free and clear of obstructions. In
addition, inspect the inside of the feed line for

oil accumulations; If you find any sign of ofl

notify the CPO in charge of the fireroom.
. :'i. ?‘Q: hi
i

&~
]
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' 38,45
Flgure 11-4,=Cutaway view of cyclone steam
separator.

38.46

Flgure 11-5.~Plan view of cycloné steam
separator,
8

Before reinstalling the fittings, wirebrush,
clean, and hose down the steam drum. Be sure
that it is clean and free of any oil or other
accumulation,

When replacing the fittings in the steam
drum, be sure that all the bolts are drawn tight.
The desuperheater flanges must be thoroughly
cleaned before the desuperheater is fitted into
place and bolted, New gaskets must be installed.
The flanges must be drawn up evenly andtightly
to prevent any leakage from the flanged joints,

The internal fittings used in newer single-
furnance boilers differ from those used inolder
boilers and also differ among themselves, Fig-
ure 11-7 shows the arrangement of fittingsused
in the steam drum of a boiler on a DLG 9-15
class ship. A little study of this illustration
shows several new or different features.

To begin with, notice that there is no desu-

perheater, even though this is a single-furnace

boiler. The boiler does have a desuperheater,

but it 18 installed in the water drum rather than
in the steam drum.

Another interesting feature illustrated in |
figure 11-7 is the vortex eliminator. A vortex .
eliminator consists of a series of grid-like -

plates arranged in a semicircular shape tocon-
form to the shape of the lower half of the steam
drum. On= vortex eliminator is located at the
front of the steam drum (as shown in fig. 11-7)
and another is located at the ear of the drum.
In each case, the eliminator is fitted over the
necks of the downcomers. The purpose of the
vortex elminators is to reduce the swirling
motion of the water as it enters the down-
comers.

DL VR

RSP N

The arrangement of internai fittings in the .

steam drum of a boiler on_one of the newer de-

stroyer escorts is shown in figure 11-8, Notice :

that there are two feed pipes, each of which runs
lengthwise in the drum, Thedischarge holes are
drilled along the inner side of each feed pipe so
that the incoming feed water isdischarged hori-

. zontally toward the middle of the drum. Notice
a;ao that the internals in this steam drum in- :

clfide horizontal steam separators rather than
clone steam separators,
A horizontal steam separator is shown in

figure 11-9, These separators are installed in

much the same way as the cyclone steam sepa- ;
rators—that is, one row of separators is in-
-stalled along each side inside the steam drum. 3

Each horizontal steam separator has a ma- |

chined flange which is bolted toa matchingflange

attached to a girth baffle, The mixture of steam ;
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L 6ESUPERNEATER INLEY
2. NDZZLE PLATES OF MANIFOLD
BAFFLE 6. INTERNAL FEED PIPE -

3. REMOVABLE APRON PLATES
OF MANIFOLD BAFFLE

4. CYCLONE SEPARATORS
8. DESUPERHEATER TUBES

T FEED NOZILE
8. STEAM SCRUBBER SUPPORY

END VIEW

9. MAIN STEAM CONNECTION
10.0ORY PIPE .

11. STEAM SCRUBBERS
12. SURFACE BLOW LINE

38.47X

Figure 11-6,—Arrangement of internal fittings m older
single-furnace boiler.

and water enters the'separator through a tapered

inlet section on the side nearest the shell of the -

steam drim and follows a curving path alongthe
curve of the separator. The steam leaves
through the outlet orifices at each side of the
separatur., The water, being heavier, continues
along the curve of the separator and is dis-
charged through drain holes in the drain baffle.
The knife edge on the drain baffle is there to

minimize turbulence. A second drain baffle
curves down below the knife edge and drains off

any water that might pass over the knife edge.

The steam discharged from the horizontal
separators is channeled directly to the chevron
dryers which are installed near the top of the
drum, as shown in figure 11-8, A number of

these chevron dryers are installed along the

length of the steam drum. From the dryers,

the steam enters the rectangular dry box which

is fitted against’ the top of the steam drum.

The dry box acts as achamberforthe collection

of dry steam.

The chemical feed pipe shown in figure 6-8v

is connected to a nozzle on the end of the drum,
The chemical feed pipe and nozzle are used to
inject chemicals for boiler water treatment while

the ‘boiler is in operation; they are also used

to draw samples of boiler water for testing.

EXTERNAL FITTINGS AND CONNECTIONS

External fittings and connections commonly
used on naval boilers include drains and vents,
sampling connections, feed stop and check
valves, steam stop valves, safety valves, soot
blowers, blow valves, water gage glasses, re-

" mote water level indicators, superheater steam

flow indicators, pressure and temperature
gages, superheater temperature alarms, smoke
indicators, oil drip detector periscopes, single-
element feed water regulators, and other devices
that are closely connected to the boiler but not
installed in the steam and water spaces.

Any listing of bo er external fittings and

.connections tends to sound like acatalog of mis-

cellaneous and unrelated hardware. Actually,

‘however, all of the external fitiings and con-

nections serve purposes that are related to
boiler operation. Some of the fittings and con-
nections allow you to control the flow of feed

‘water and steam. Others serve as safety

devices. Still others allow youtoperform opera-
tional procedures—removing soot fromthefire-
sides, for example, or glving surface blows—
that are. necessary for efficient functioning of the

~ boiler. The instruments attached to or installed
- 281 |
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MAIN STEAM OUTLET NOZZLE

DRY PIPE

HANGER BOLT AND
BOLT ANCHOR

STEAM DRUM BAFFLE SCRUBBER

(INTEGRAL PART OF DRUM)

~

!

i

[

L]

CYCLONE
STEAM
SEPARATOR

SUPPORT BAR .
BAFFLE -

FRONT VORTEX
ELIMINATOR

R T U S

FRONT DOWNCOMER

FRONT DOWNCOMERS
(TO SIDEWALL HEADER)

(TO WATER DRUM)

CHEMICAL FEED PIPE

FEEDWATER PIPE
38,231

Figure 11-7.—Arrangement of internal fittings in newer
single-furnace boiler (DLG9-15 class ship).
. . . ®

near the boiler give you essénttjii intoxfmé.tlbn external fittings and connections, then, it is

concerning the conditions existing inside the necessary to see how each item is related to
boiler. To understand the purposes of the boiler quratlon. T

e




Chapter 11-BOILER FITTINGS AND CONTROLS

CHEVRON DRYERS

e DESUPERHEATER
CHEMEAL FEED  oEbuPERMEATER INLET

38.48

Figure ll 8.—Arrangement of internal fittings

in ne)Wer single-furnace hoiler (DE 1006 class
ship).

Figures 11-10, 11-11, 11-12, and11-18 show
the locations of many external fittings and con-
nections on a recent 1200-psi single-furnace
boilér, A& you study the following lnformatlonon
external fittings and connections, youmay find it
helpful to refer to these figures to see where the
various units are installed on or connected to

the boiler. Remember, however, that the illus- .

trations shown here are for one particular
boiler and that differences in boiler design lead
to differences in the type and location of ex-
ternal fittings and connections, Drawings show=-
ing the location of external fittings and connec-
§ tions are usually included in the manufacturer’s

technical manuals for the boilers on each ship. -

The maintenance 'of external fittings is of
vital importance to the proper operation of the
boller. Therefore, all maintenance shall be
conducted in accordance with the Planned
i Maintenance Subsystem of the 3-M System.

3 .

k- Drains and Vents

R The main part of the boiler, the economizer, .
- and the superheater—in short, all the steam and
water sections of the bouer—must be provlded

f with drains and :/ents

38.49
Figure 11-9 —Ho:-lzontal steam separator,

The main part of the boiler may be drained

through the bottom blow valves (described later .

in this chapter) and through water wall header
drain valves. It is vented through the aircock,
which is a high pressure globe valvel installed
at the highest point of the steam drum. The

alrcock allows air to escape when the boiler is
" being filled and when steam is first forming; it

also allows air to_enter the steam drum when
the boiler is being emptied.

The economizer is vented through a vent
valve on the economizer inlet piping, It is

" drained through a drain line from the econono-

mizer outlet header. Ancther drain line, this

-one coming from the drain-pan installed below

1Ba.sm types of valves are discussed in chapter 14 of

" this text,
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Figure 11-10.,—External fittings and connections on
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MAIN STEAM SAFETY SUPERHEATER
OUTLET VALVES PILOT VALVE
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STEAM GAGE CONNéCTION DRUM VENT 3
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_ 88.283
Figure 11-11.~External fittings and connections on 1200-psi single-furnace '
' boiler (furnace side view), :
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Figure 11-12,-External fittings ahd cohnectlons on 1200-psi single-furnace
boiler (economizer side view),

ERIC | - ' 70 v
© ;-—“




A s K ans

Chapter 11-BOILER FITTINGS AND CONTROLS

ECONOMIZER
ACCESS PANELS

Y

\a

WATER GAGE -
CONNECTIONS 1%

1%7 \

FEED WATER

REGULATOR
CONNECTIONS

~— DAMPER

&
>
DAMPER ~__
SUPERHEATER INTER- ]
EDIATE HEADER VENT\p SUPERHEATER
INLET -AND

RETRACTABLE
SOOT BLOWER

RETRACTABLE
SOOT BLOWER

A\

ECONOMIZER
DRAIN PAN
CONNECTION

LOWER REAR
WATER WALL
HEADER

o

SUPERHEATER
BOTTOM BLOW VALVES INTERMEDIATE

(REAR WATER WALL
HEADER) l'!E ADER DRAIN

1

STATIONARY
S$ADDLE
(WATER DRUM)

. * SUPERHEATER

*. INLET @& OUTLET

Figure 11-13.~External fittings and connections on 1200-psi single-furnace
botler (rear view).
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the headers, serves as a telltale2 inthe event of
handhole leakage in the economizer.

Superheater vents are installed at or near
the top of each superheater header or header
section; superheater drains are installed at or
near the bottom of each header or header sec-
tion. Thus each pass of the superheater is
vented and drained.

Superheater drains dlscharge through gravity

(open=funnel) drains to the fresh water drain

collecting system while steam is being raised
in the boiler. After a specified pressure has
been reached, the superheater drains are shifted
to discharge through steam traps3 to the high
pressure drain system. The steam traps allow
continuous drainage of the superheater without
excessive loss of steam or pressure.

Figure 11-14 illustrates diagrammatically .

the arrangement of superheater ventsand drains
on 2 newer type of single-furnace boiler. This
. illustration also shows the superheater protec-
tion steam connections. Note, also, the water-
drum installation of the desuperheater.

Sampling Connections

1 is difficult to say just where the connec-
tion for drawing test samples of boiler water
may be located, since this connection is found
in different places on different types of bollers.
On some bollers the sampling connection is
located at the rear of the water drum. On others'
it comes off of the bottom blow line between
the watér drum and the bottom blow valve,
either at the front of the boiler or at about the

middle of the water drum. On boilers that have.

a chemical feed pipe in the steamdrum, the test
samples may be drawn through the nozzle con-
nection of the chemical feed pipe. Onsome ships
the surface blow line connection is used to take
boller water samples.

It is also difficult to say just what the sam-
;pling connection may be called. On some draw-
lngs it 1s identified as a test cock; on others
as a salinity cock; on others as a sallnometer
valve; and on still others as a water test sample
connection.

A sample cooler is fitted to the outlet side’

of the sampling connection. The cooler brings

!The term telitale is frequently used ln oonneotion

with engineering equipment to indicate anydevice which

shows leakage, flow, position, or other conditions.

3Steam traps are disoussed in chapter 14 of this text.

the temperature of the sample water downbelow
the bolling point at atmospheric pressure and
thus keeps the water from flashing into steam

- as it is drawn from the higher pressure of the

boiler to the lower pressure of the fireroom.

Feed Stop and Check Valves

Manually operated feed stopandcheckvalvez
are installed in the feed line to each boiler.
Feed stop and check valves are operated man-
ually, with a separate handwheel for eachvalve.
In addition,’ the feed check valve has remote
operating gear so that it can be operated from
the firing aisle. In normal operation, the stop
valve i8 kept fully open and the check valve is
used to regulate the supply of feed water to the
boiler. When automatic feed water controls are
in use, both the feed stop valve and the feed
check valve are kept fully open so that they will
not interfere with the automatic feeding of the
boiler. (Similarly, the automatic feed regulating
valve is kept fully open when the boller is being
fed manually through the feed check valve.

The feed stop and check valves shown in
figure 11-15 are combined in one manifold cast-
ing. Note, however, that there are two separate
valves. In some installations the two valvesare
housed in separate flanged castings which are
bolted together. No matter what type of Instal-
lation is used, the feed stop valve is always in-
stalled between the.feed check valve and the

_economizer inlet.

Sfeam Stop Valves

Main steam stop valves are used to cut
boilers in on the main steam line and to dis-
connect them from the line. The main steam
stop valve located just after the superheater
outlet is usually called the main steam boiler
stop. Figure 11-16 shows an external view of
a main steam boller stop. Figure 11-17 shows
a cross-gsectional view of a globe-type main
steam boller stop. Gate valves instead of globe
valves are used as main steam boller stops on

~many newer ships.

4The stop valve is a regular globe-type stop valve.
The so-called ""check" valve is actually a stop-check
valve which functions either as a stop valveoras a
check valve,” depending upon the position of the valve
stem,
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Figure 11-14,—Diagrammatic arrangement of superheater
vents, drains, and protection steam connections. '

Figure 11-16.—Combined feed stop and check valves.
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38 5&'

Figure ll-lB.—External vlew of main steam
boiler stop valve.
\

In use, the main steam boiler stop is always
either fully open or fully closed. The valve can
be opened and closed manually at the valve
itself. In some installations, it .can also be

closed pneumatically at the valve. The main -

steam boller stop canalso be operated manually,
by remote control cables, from a remote oper-

ating station; as a rule, the valve can only be -

closed (not opened) from the remote station.
For manual operation, the toggle operating gear
shown in figures 11-16 and 11-17 provides the

mechanical advantage required for closlng the

valve against boiler pressure.
Two-valve protection for each botler ls re=-
quired on all ships built to U. S, Navy specifi-

cations. A second steam stop valve is there-

fore provided in the main steam line justbeyond
the main steam boiler stop.

. Auxiliary steam stop valves are smaller than
main steam stop valves but are otherwise simi-
lar. Special turbogenerator steam stop valves

* control the admission of steam to the turbo-

generator line.
Safety Valves

Zah boller is fitted with safety valves which
allow steam to escape from the boiler when the
pressure rises akove specified limits. The
capacity of the safety valves installed on a
boiler must be great enough to reduce the steam
drum pressure to a specified safe point when
the boliler is being operated at maximum firing
rate with all steam stop valves completely
closed. Safety valves are installed on the steam
drum and at the superheater outlet.

Several different kinds of safety valves are
used on naval boilers, but all are designed to
open completely (pop) when aspecified pressure
is reached and to remain open until a specified
pressure drop (blowdown) has occurred. Safety

" valves must close tightly, without chattering, and

must remain tightly closed after seating.

There is an important difference between:

boiler safety valves and ordinary relief valves.
The amount of pressure required to lift a relief
valve increases as the valve lifts, since the
resistance of the spring increases inproportion
to the amount of compression. Therefore a
relief valve opens slightly at a specified pres-
sure, discharges a small amount of fluid, and
closes at a pressure which is very close to the
pressure that causes it to open. Such an ar-
rangement will not do for boiler safety valves.
If the valves were set to lift for anything close
to bofler pressure, the valves would be con-
stantly opening and closing, pounding the seats

- and disks and causing early failure of the valves.

Furthermore, relief valves would not discharge
the large amount of steam that must be dis-
charged to bring the boiler pressure down to a
safe point, since the relief valves would reseat
very soon after they opened.

To overcome this difficulty, boiler safety
valves are designed to open completely at the
specified pressure. In all types of boiler safety
valves, the initial lift of the disk is caused by
static pressure of the steam, just as it would
be in a relief valve. But just as soon as the

* safety valve begins to open, a projecting lip or

ring of larger area is exposed for the steam
pressure to act upon. The increase in force
that results from the steam pressure acting
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38.53X

" Figure 11-17.—Cross-sectional view of main steam boiler stop valve.

upon this larger area overcomes the resistance
of the spring, and the valve ‘‘pops’’~that is, it
opens quickly and fully. Because of the larger
area now presented, the valve cannot reseat
until the pressure has become considerably

smaller than the pressure which caused the -

safety valve to open.
A steam drum safety valve of the huddling

chamber type I8 shown infigure 11-18, As the .

static pressure of the steam in the steam drum
causes the valve to open, the huddling chamber
(which is formed by the position of the adjust-
ing ‘ring) fills with steam. The steam in- the
huddiing chamber builds up a.static pregsure

that acts upon the extra area provided by the. .

projecting lip of the feather. The resulting in-
crease in force overcomes the resistance of thie
spring, and the valve pops. After the specified

blowdown has occurred, the valve &loses clein-
ly, with a slight snap. The amount of tension-

on the spring determines the pressure at which

the valve will pop. The position of the adjust-
ing ring determines the shape of the huddling

- chamber and thereby determines the amount of

blowdown that must occur before the valve will
reseat,

A steam drum safety valve of the nozzle
reaction type is shown in figure 11-19. The
initial lift of the valve occurs when the static
pressure of the steam in the drum acts upon
the disk insert with force sufficient to overcome
the tension of the spring. As the disk insert
1lifts, the" escaping steam strikes the nozzle
ring and changes direction. The resulting force
of reaction causes the disk to lift higher,
up to above 60 percent of rated capacity.
Full capacity is reached as the result of a
secondary, progressively increasing lift which
occurs as an upper adjusting ring is exposed.
The ring- deflects the steam downward, and the
resulting force of reaction causes the disk to
1ift -still higher. Blowdowa adjustment in this
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Figure 11-18,—Steam drum safety valve (huddling chamber type).

type of valve is made by raising or lowering
the adjusting ring and by raising or lowering
the nozzle ring. . :
Safety valves are always installed at the
superheater outlet as well as onthe steam drum.
Superheater safety valves are set to lift just
below, at, or just above the pressure, whichlifts

the steam drum safety valves, in order.toen-

sure an adequate flow of steamr through the
superheater when the steam drum safety valves
are lifted.

<36

Most double-furnace boilers are fitted with
a pressure-pilot operated superheater outlet
safety valve assembly of the type shown in
figure 11-20, This assembly consists of three
connected valves: a small spring-loaded safety

- valve installed con the steam drum; an actuating
* valve installed on the steam drum; and an actu-

ated (or unloading) valve installed on the super-
heater. The stem of the drum valve is connected
mechanically, by means of a lever, to the stem
of the actuating valve. The actuating valve is
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Figure 11-19,~8Steam drum safety valve (nozzle reaction type).

connected by piping to the space above the disk
in the superheater actuated (or unloading) valve.
The unloading valve has no spring and relies
solely on pressure differential for its operation.
Normally there i8 a static pressure above the
disk of the unloading valve, since asmall orifice
(or in some designs a small clearance argund
the disk) allows some steam at superheater out~

let pressure to enter the space above thq'dlta’k..

20.219

When the drum valve i8 opened by steam
drum pressure, the mechanical connection be=-
tween the drum valve and the actuating valve
causes the actuating valve to open also., With
the actuating valve open, steam flows from the
space above the disk of the superheater un-
loading valve, through the actuatingline, through
the actuating valve, to atmosphere. The sudden

. relief of pressure above the disk of the unloading
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Figure 11-20.—Pressure pilot-operated superheater outlet safety valve assembly,

valve causes that vdlve to open fully, 50 that
steam 1is discharged from the unloading valve
to atmosphere.

Many 1200-psi single-furnace bollers, and
also some 600-psi single-furnace ones, are
equipped with Crosby two-valve superheater
outlet safety valve assemblies of the typsshown
in figure 11-21, In an assembly of thi~ iype,
both of the valves are spring loade.. The
pilot valve on the steam drum and the super-
heater valve at the superheater outlet are
connected by a pressure transmitting line that
runs from the discharge side of the drum pilot
valve to the underside of the piston that is

294

attached to the splndle of the superheater safety
valve. The superheater valve is set to pop at a
pressure about 2 percent higher than the pres-
sure which causes the drum pilot valve to pop.
When the drum pilot valve pops, the steam pres-
sure is transmitted immediately through the
pressure line to the piston, and the superheater
valve is thus actuated. If for any reason the
drum pilot valve should fail to open, the super-
heater valve would open at a slightly higher
pressure,

" The Consolidated three-valve superheater

" outlet safety valve assembly shown in figure

n-zz is used on a number of 1200-psi
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SUPERHEATER
VALVE

UNLOADING LINE

Figure 11-21.—-Crosby two-valve superheater outlet safety valve assembly.

single-furnace boilers. The assembly consists
of a pilot valve, an actuating valve, and an un-
loading valve. :

The spring-loaded pilot valve is mounted on
the top centerline of the steam drum. The
actuating valve and the unloading valve are as-
sembled as a unit and mounted on the piping at
the superheater outlet; they are connected to
each other by a rocker arm. Theactuatingvalve
has a cylinder with a piston inside it. The un-
loading valve has a piston-type disk, without
a stem which is held in line by the cyllnder in
which ‘it works. The unloading valve is pres-
sure loaded, not spring loaded.

Steam from the superheater outlet enters
the unloading valve cylinder and gathers around
the.valve disk above the seat. The steam bleeds
through small ports to the space above the
disk. When the actuatlng valve is closed, the
steam above the disk of the unloading valve
cannot escape, 80 the pressure above the
disk equalizes with the pressure below the
disk—that is, the pressure above the disk is
equal to superheater outlet pressure.

, The cause of safety valve lifting in this

assembly is excessive pressure in the steam
drum, not excessive pressure in the super-
heater. “When the pilot valve on the steam drum
opens, pressure is transmitted from the pilot
valve to the cylinder of the actuating. valve.
Pressure in the actuating valve cylinder is
applied under the piston, crusing the spring
to compress. The rocker arm moves upward
at the end over the actuating valve and down-

ward at the end over the unloading valve,

thus opening the actuatlng valve.

——

TO
ATMOSPHERE

)

SUPERHEATER

SUPERHEATER OUTLET

98,82

When the actuating valve opens, pressure
bleeds off to atmosphere. Since the spane
above the unloading valve disk !s connected
to the actuating valve, relief of pressure in
the actuating valve also causes relief of pres-
swr2 above the disk in the unloading valve.
The unloading valve therefore opens, allowing
steam to flow from the superheater to atmos-
phere. When the pilot valve reseats, the
actuating valve also reseats. As steam bleeds
through the ports to the space above the disk
in the unloading valve, pressure builds up And
rapidly equals the pressure be’~ the £igk, -‘ne

. unloading valve closes. In suniayy, taen, the

superheater unloading valve always opens Im-
mediately after the steam drum pilot valve
opens and closes lmmedlately after the pilot
valve closes.

Soot Blowers

Soot blowers are installed on each bolier
for the purpose of removing soot from the
firesides while the boiler is steaming. Soot
blowers are used only on steaming boilers,
not on idle boilers. Each steaming boiler utilizes
its own steam (superheated) to supply its own
soot blowers.

The soot blowers must be used frequently,
regularly, and in proper sequence in order to
prevent the accumulation of heavy deposits of
soot which would interfere with heat transfer
and which would constitute a fire hazard, The

" process of using the soot blowers is usually
" called “blowing tubes.”
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Figure 11-22,—Three-valve superheater outlet safety valve assembly (Consolidated).

Before instructing fireroom personnel to

Eiow tubes, the engineering officer of the watch:

must obtain permission from the officer of the
deck. Under some conditions, tubes cannot be
blown without covering theupper decks with soot;
hence the need for obtaining permission from the
officer of the deck.

Soot blowers are installed on the bofler with
their nozzles projecting into the furnace between
the boiler tubes or adjacent to them. The soot
blcwers are arranged so that operation in the
proper sequence will sweep the soot progres-
sively toward the uptakes,

The number of soot blowers installed, the
way in which they are arranged, and the blowing
arcs for each unit differ from one typeof botfler
to another, Figure 11-23 shows the arrangement
of soot blowersused ononeof thenewer 1200-psi
single-furnace boflers; one of the soot blowers
has a blowing arc of 220° and the others have
blowing arcs of 360° F, onthis particular boiler.

One common type of soot blower is shown in
figure 11-24, The part of the soot blower that may
be seen from the outside of the boiler is called
the head. The soot blower element, a long pipe
with nozzle outlets, is the part of each soot
blower that projects into the tube banks of the
boiler. The soot blower shown in figure 11-24 is
operated by an endless chain; when the chain is
pulled, the element is rotated and superheated
steam is admitted through the steam valve, The
steam discharges at high velocity from the
nogzzles in the elements. The nozzles direct the
jets of steam 50 that they sweep over the tubes.
‘The soot is thus loosened so thatitcan be blown

. out of the boller.

Some soot blower's are operated by turninga
crank or handwheel, instead of by an endless
chain. On some recent ships, the sootblowersare
operated by pushbuttons. One pushbutton is pro-

- vided for each unit. Pressing the pushbutton

admits air toanair motor whichdrivesthe units.
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38.57
Figure 11-23,—Arrangement of soot blowers
on a 1200 psi single-furnace boiler.

Some soot blowers on some boilers are of
the retractable type-that is, the element does
not remain in the fuinace all the time but in-
stead can be retracted into a housing or shroud
between the inner and outer casings.

The scavenging air connection shown in
figure 11-24 supplies air to the soot blower
element and thus keeps combustion gases from
backing up into the soot blower head and pipihg.
A hole In the outer casing allows air to enter
the other end of the scavenging air line; thus,
scavenging air is blown through the soot blower
whenever the forced draft blowers are in op-
eration. A check valve is installed in the
scavenging air piping, very near the soot blower
head; this valve closes whenever steam is ad-
mitted to the soot blower element.

Blow Valves

Some solid matter is always present in
boiler water. Most of the solid matter is
heavier than water and therefore settles in
the water drums and headers. Solid matter
that is lighter than water rises and forms a
scun on the surface of the water in the
steam drum. Since most of the solid matter
is not carried over with the steam, the con-
centration of solids remaining in the boller
water gradually increases as the bofler steams.

o’ 207

For the sake of efficiency and for the pro-

.tection of the boller pressure parts, it is

necessary to remove some of this solid matter
from time to time. Blow valves and blow lines
are used for this purpose.

Light solids and scum are removed from
the surface of the water in the steam drum by
means of the surface blow line~which, as we
have already seen, is an internal boiler fitting.
Heavy solids and sludge are removed by using
the bottom blow valves which are fitted to each
water drum and header. Both surface blow
valves and bottom blow valves on modern naval
boilers are globe-type stop valves.

Both the surface blow and the bottom blow
valves discharge to a system of piping called
the boiler blow piping. The boiler blow piping
system is common all boilers in any one
fireroom. Guarding valves are installed in the
line as a protection against leakage from a
steaming boller into the blow piping and
against leakage from the blow piping back
into a dead boiler. A guarding valve installed
at the outboard bulkhead of the fireroom gives
protection against salt water leakage into the
blow piping. After passing through this guard-
ing valve, the water is discharged through an
overboard discharge valve (sometimes called a
skin valve) which leads overboard below the
ship’s waterline. Figure11-25 showsthegeneral
arrangement of boiler blow piping for one of
the newer single-~-furnace boilers.

Wafer Gage Glasses

Every boiler must be equipped with at least
two independent devices for showing the water
level in the steam drum, and at least one of
these devices must be a water gage glass.
Some boilers have more than two devices for
indicating water level. Various combinations of
water level indicating devices are used on
naval boilers. Perhaps the most common ar-
rangement on older boilers is two water gage
glasses, one 10 inches long and one 18 inches

. long. Newer boilers may have two water gage

glasses and cne remote water level indicator
or they may have one water gage glass and
two remote water level indicators.

Several types of water gage glasses are
used on naval boilers. The older water gage
glasses differ In some ways from the ones
installed on the newer 1200-psi boilers, and
gages made by different manufacturers may
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Figure 11-24, —External view of multi-nozzle soot blower,

vary somewhat in design details, Detailed in-

formation on the water gage glasses installed

on any particular boiler may be obtained from
the manufacturer’s technical manual.

An older type of water gage glass is shown
in figure 11-26, Figure 11-27 fllustrates the
construction of this gage, The frame is the
centerpiece of the assembly. Hollow stems at
each end of the frame connect with the cutout
valves at top and bottom, thus allowing water

enter the gage. Two glass plates
ground to flat parallel faces, are
glass strips are

38.54

The entire assembly of frame, glass strips,
and mica sheets is supported between two steel
cover plates which are held together by studs,
Asbestos gaskets, 1/32 inch in thickness, are
used on each side of the frame. Asbestos cush-
fons, 1/18 inch in thickness, are used between
the cover plates and the glass strips. The ar-

. rangement of cushions and gaskets is shown in

figure 11-27,

The drain connection shown in figure 11-26
permits the water gage to be blown down and
also permits it to be drained. The regulator
connections shown at the top and bottom of
this gage are not found on all gages; they are
installed only on bollers which were not orignal-
ly designed to use feed water regulators but
which were later fitted with the regulators.

A more recent type of water gage glass is
shown in figure 11-28, The gage Is assembled
springs, as shown in the illustration. This type
of assembly makes it unnecessary to retorque

3.2

,
3
i
4
2
A
-
i
i
§
A
3
N
:

w A et




Chapter 11—-BOILER FITTINGS AND CONTROLS

SURFACE
/ BLOW VALVE

SUPERMEATER

GENERATING BANK

BOTTOM BLOW VALVE . ‘;%l —Dk(\

LT -/ g
VALVE GUARDING : CAPPED DRAIN

GUARDING VALVES OR BLOW VALVE

FROM OTHER BOILER

38.58
Figure 11-25.—Boiler blow piping for single-furnace boiler,

warmed up, (Notice gage glass works on the simple optical prin-
ciple that a ray of light bends (or refracts) a
different amount when it passes through steam
than when it passes through water.

Each water gage is connected to the steam
drum through two cutout valves, one at the top
and one at the bottom. The bottom cutout valve
connection contains a ball-check valve. The
ball rests on a holder. As long as thereis
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38.59
Figure 11-26.—Older type of water gage glass.

equal pressure on each side of the ball, the

ball remains on its holder. But if the water gage
breaks, the sudden rush of water through the
bottom connection forces the ball upward onto
its seat and thus prevents further escape of
hot water. No check valve is installed in the
top cutout connection.

Most boilers are designed to carry the nor-
mal water level at the middle of the steam
drum, and most water gages are mounted in
such a way that the normal water level shows
at the midpoint of the water gages or, in the
case of staggered gages, at the midpoint be-
tween the bottom of the lower gage and the
top of the higher gage. However, this general
rule does not apply to some boilers. H the
designed normal water level is NOT intended
to be shown at the midpoint of the water gages,
the location of the normal water level should
be marked on the gages.

The water level is considered to be within
allowable limits as long as it can be seen in

one or more water gage glasses. However, the
water level must always be maintained as
close to the normal level as possible. As
long as the water level is visible in one gage,
you can bring the water level back to normal
by increasing or decreasing the amount of
water fed to the boiler. If -the water level
cannot be seen at all, the situation must be
treated as an emergency requiring the imme-
diate securing of the boller.

Water gages must be blown down before
the boiler is cut in on the line, at the end of
each watch, and at any time when there is the
slightest doubt about the water level in the
boiler. Frequent blowing down i8 necessary
because the gage connections are easily clogged
with dirt, scale, or other solid matter. Failure
to blow through the water gages could lead to
false indications of water level.

Superheater Steam Flow Indicators

Many boilers—particularly double-furnace
boilers—are equipped with superheater steam
flow indicators. Where installed, these indica-
tors must be kept in good operating condition
at all times. 'The superheater outlet thermom-
eters indicate temperature at the superheater
outlet, not inside the superheater; and, on a
double-furnace boiler, it is possible to have no
flow through the superheater while the ther-
mometers are giving perfectly normal readings
at the outlet. In other words, there is no way to
be sure a superheater is not being overheated
unless both the superheater outlet thermometers

and the superheater steam flow indicator are in

good working condition.

Superheater steam flow indicators measure
the steam pressure differential between the
superheater inlet and the superheater outlet.
Since the pressure drop across the superheater
is proportional to the rate of steam flow
through the superheater, the pressure drop can
be used as an Indication of the rate of steam
flow, Superheater steam flow indicators are
usually calibrated in inches of water, since
they measure a relatively small pressure dif-
ferential, :

" Two types of superheater steam flow indi-

cators are in common naval use. Although

both respond to the pressure differential be-
tween the superheater inlet and the super-

heater outlet, they differ in the mechanism by
which this pressure difference is measured :
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Figure 11-28,—Recent type of water gage glass,

A permanent horseshoe magnet is rigidly
mounted on that side of the deflection plate
which is free to move. The poles of the magnet
straddle a tubular well in which a spiral-shaped
strip armature i8 mounted on jeweled bearings,
A counterbalanced pointer is attached to the end
of the armature mounting shaft,

When the deflection plate moves in response
to variations in pressure, the magnet is made
to move along the axis of the well. As the magnet
moves the spiral-shaped armature rollsinorder
to keep in alignment with the magnetic field be-
tween the poles of the magnet. Thus a rotary
motion is imparted to the armature mounting
shaft; and the rotation of the shaft causes the
pointer to move, The moves over a

brightly flluminated vertical dial whichisdivided .

into green and red zomes to represent safe and
unsafe operating conditions.

The Jerguson superheater steam flow indi-
cator, shown schematically in figure 11-32,
consists of three main parts: (1) a datum
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chamber assembly, (2) a valve manifold, and .

(3) an indicating unit.

The Jerguson indicator is essentlally a

mercury-filled manometer with a stainless steel
float in one leg. As the pressure differential
between the superheater inlet and the super-
heater outlet varies, the mercury level in the
instrument changes and.thereby actuates the

indicating pointer. The movement of the float

in the manometer is transmitted to the pointer
on the scale by nieans of a magnetic coupling .
drive. The coupling consists of an internal -

magnetic armature on the end of the float shaft

and an external yoke withmagnetically energized

arms. The yoke, forming a part of the pointer
system, pivots on precision bearings in order
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Figure 11-29.~General arrangement of Yarway
superheater steam flow indicator.

tomamtalnallsnmeptwlththelntermlammre
attached to the float shaft; thus the yoke pivots
s the armature moves up and down.

The datum chamber is connected by piping
to the superheater inlet and outlet connections
andthnproﬂdeaﬂummforlmpreutngdﬂ-
ferential pressure on the instrument. As noted
previously, the pressure difference between
superheater inlet and superheater outlet isused
|as a measure of the rate of steam flow through
the superheater,

Remote Water Level Indicators

Remote water level indicators are used on
most ships to provide a means whereby the

. boiler water level may be observed from the

lower level of the fireroom. The two types of
remote water level ‘ndicators discussed here
are in common use on combatant ships; other
types may be found on auxiliary ships.

The Yarway remote water level indicator
consists of three parts: (1) a constant-head
chamber which is mounted on the steam drum
at or near the vertical centerline of the drum-
head; (2) a graduated indicator which is usually
mounted on an instrument panel; and (8) two
reference legs that connect the constant-head
chamber to the indicator. The reference legs
are marked A and B in figure 11-33, which
shows the general arrangement of a Yarway
remote water level indicator.

A constant water level is maintained in
leg A, since the water level in the constant-
head chamber does not vary. The level In leg
B is free to fluctuate with changes in the
steam drum water level, The upper hemisphere
of the constant-head chamber is connected to
the steam drum at a point above the highest
water level to be indicated; be~ause of this
connection, boiler pressure is eacrted equally
upon the water in the two legs. The variable
leg B is connected to the steam drum at a point
below the water level to be indicated; because
of this connection, the water level in leg B is
equalized with the water level in the steam drum,

As may be seen in figure 11-33, each leg
is connected by piping to the Indicator. In the
indicator, the two columns of water terminate
upon opposite sides of a The in-
dicating unit is almost identical with the in-
dicating unit of the Yarway superheater steam
flow indicator, previously described.

The general arrangement of = Jerguson
remote water level indicator is shown in figure
11-34, As may be seen, the operating prin-
ciples of this device are very similr to the
operating principles of the Jerguson steam
flow indicatot, previously discussed.

Superheater Temperature Alarms

Superheater temperature alarms are in-
stalled on most boilers to warn operating per-
sonnel of dangerously high temperatures in the -
super