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ON INDEPENDE

By
Y. Wadagaki., Member.

Generally speaking there are two Principal methods of operating

the marine engine air pumps; namely,

(a) Deriving its motion from a part of the main engine, such as the
piston, cross head, crank shaft, &c.
(b)  Providing a special steam engine to drive the pumps.

Of these two methods, the first is undoubtedly more economical in
the consumption of steam, requires less space and weight for a given
work to perform, and is surer in its operation. But the preference of

our Navy Department has been for the independent air pumps for

the following reasons: —
(1)

ders, the independent air pumps can

In getting up the steam and warming the main engine cyiline
take care of the condcnsed
steam without waste.

(2)

good vacuum in the condenser, so that the execution of orders

With independent air pumps in operation, there is always a

or the handling of the main engines is rendered very ecasy.

(3)

causes, more steam is generated in thz boiler than is wanted, recourse

When, from a sudden stoppage of the main engines or other

may be had to the silent blow-off, and the loss of a considerable

amount of fresh water avoided.

(4)

deal, when the main enzines are s.bjected to racing in a heavy

The air pumps attached to the main engines suffer a great

sed.

(5)

the pumps would disable the whole engines for some time at least;

With air pumps attached to the muin engines, the failure of

but with a separate air pump engine, the main engines may continue
their motion, while a substitutional means are temporarily employed
to ecmpty the condenser.

(6)

necessary at high powers may be too small at low powers,

Air pumps, attached to the main engines, which are larger than
But
the independent air pumps can be made to suit their speed to the
requirements of the case.

TFor these reasons, even with an air pump attached to the main
engine, it is very important that a small separate pump should be
provided to take its place when the maine engine is not running.
We

have had troubles enough in connection with independent air pumps

Independent air pumps, however, are not without drawbacks.
fitted to some of our recent war vesse's. It is far from the intention
of the present writer to find fault with any one who has had any thing
to do with the designing of these air pamps. We all make mistakes,
and we learn only throu:sh experience.
The writer does

In fact, the

not claim any originality for what he is going to
subject has been well thrashed out by eminent
And what

state.

engineers of Furope and Aumerica over and over again,

w B

.g.
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follows is simply a resumé of results obtained by a long series of
our common experience with this type of air pumps in the navy.
Now, the greatest trouble with an indenpedent air pump is the difficulty
of controlling its motion. This arises from a peculiar condition
under which the pump is working. To illustrate what is taking
place inside the pump barrel, let us take a single acting vertical air
pump.
about to commence its upward stroke,

Sippose the bucket is at the bottom end of its stroke,
As it is impossible to build
a pump without clearance, we have a certain amount of space between
the foot valve and the bucket valve, occupied by the condensed
water or air. As the bucket moves upwards, the volume of this
space is increased. The air in this spice expinds. The warm water
on the foot valve begins to evaporate to maintain the state of
equilibrium between temperature and pressure of the vapour in this
increising space, A point is at last reached when the pressure of
vapour under the bucket valve is sufficiently reduced to enable the
foot valve to lift itself. How soon this point is reached depends on
the amount of clearance mentioned above, the tension of air and
vapour existing in the condenser, the head of water in the air pump
suction pipe and also on the weight of the foot valve itself. To
get the best result this clearance should be made as small as
practicable, consistent with strength and durability. The lead of the
suction pipe must be made straight, sloping down from the bottom
of the condenser toward the pump suction, so that the condensed
water should flow to the pump by its own weight, undisturbed.

The pressure in the condenser depends on two things : the amount of

air present in the condenser, and the t2nsion of vapour corresponding
to the temperature which it maintains. The relative quantity of air
anl vapour containel in the condenser can easily be ascertained. as
it is well known that the resultant pressure of a mixture of two
gaseous substances -contained in a closed vessel is equal to the
sum of two different pressures that they would have individually, if
coatained in two vessels of the same volume separately, and that
the tension of saturated steam depends only on its own temperature
under all circumstances, and would remain constant so long as its
temperature remains the same, The tension of the vapour can be redu-
ced by increasing the amount of circulating water. As to the amount
of air in the condenser, the principal source of its presence is the
leakage of atmospheric air through the low pressure -stuffing boxes
or the joints of exhaust steam pipes. Therefore too much care can
not be exercised to see that they are working air-tight. The leakage
is liable to take place at all powers, but especially so at lower powers.
A certain amount of air is also carried with feed water into the boiler,
gets mixed with the st:am, and after goinr through the engine
cy:inders ultimately finds its way to the condenser. Hence, it is
very important that the air pump delivery to the feed tank should
take place very quietly to prevent any air getting dissolved into the
feed. It is not always practicable to carry out the wuter pressure
test at sea to discover the leakage of air through the pipe Jjoints, &c.
When the engine is under weigh the application of candle light at
the suspected points is the easiest method of detecting the leakage

that is going on. Now to resume the study of our air pump, let us
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examine what is taking place on the top side of the bucket valve
during the same upward stroke. At the beginning of the stroke, the
difference of pressures between the top and bottom sides of bucket
is almost nothing, and may be represented by the weight of the
bucket valve. There is therefore almost no load or resistance to
the motion of the bucket valve, except a slight mechanical friction
and the force required to lift and accelerate the dead weight of the
working parts. As the bucket goes up, the air and vapour between
the head valve and bucket valve get compressed. A part of the
vapour is condensed, but the air contained in the pump barrel will
have its pressure increased, until at last it exeeeds the atmospheric
pressure on the head valve. How soon this state of things takes
place depends, as before, on the clearance between the head and
bucket valves, the amount of air and water on the bucket, the
tempetature of vapour, and the weight of the head valve with water
upon it as well as the atmospheric pressure.  The height of water
above the head valve is of course determined by the level at which
it is kept in the feed tank. The valves that combine lightness with
durability are those matle of layers of sheet metal, trimmed in the
shape of circular discs of different diameters with a number of
lubricating holes on them except the bottom sheet. It is not
possible to reduce the clearnce space beyond a certain limit; but,
its pernicious effect can be avoided somewhat in one way or another.
One easiest and rmost obvious method is to give the longest possible
stroke to the pump. Another, not less effective, means of getting

at the same result is to run the pump at a very slow speed, so as

to have a certain amount of comparatively quiet water on the bucket,
which would fill up the clearance space at the end of the upward stroke
and allow all the air to escape through the head valve without

much disturbance. At the commencement of the return stroke, we

have a pressure slightly above that of the air on -the bucket valve,
and underneath the valve a partial vacuum which is a little better

than that in the condenser itself. There is therefore no resistance to
the downward motion’of the bucket valve, except a slight mechanical
friction. In fact every thing is ready to descend by its own weignt,
assisted by the excess of pressure on the top side of the valve over

that underncath it. If any amount of air should remain in the

clearance space above the bucket valve, it would expand as the
b cket descends ; at tlie same time the re-evaporation of water on
the bucket would take place more or less. The general tendency
of these is to retard the reduction of pressure on the top side of
the bucket. Below the bucket valve, the air is being compressed
as the bucket descends. The clearance space between the foot and
bucket valves has also the same tendency to retard the accumulation
of pressure underneath the backet valve. It is only after the pressures
on two sides of the bucket valve have become equal that the bucket

valve commences to open itself. Here again, the water on the foot
valve would do the duty of virtually reducing the clearance space,
so long as the pump is working slowly enough to preserve the |
water level on the foot valve. The water kept on the valve not
only serves to minimize the bad effect of the clearance space and

any pocket where the air may be entrapped it is also the most

iy -
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effective means for the prevention of leakage of air through the valve.

All this explains why the single acting vertical air pumps are so

very much superior to the double acting horizontal ones. With

the latter type of air pumps, moreover, not only is the clearance

space extravagantly large, it is also impossible to obtain the benefit of

the water-covered valves, Even with a vertical air pump, the water

would not remain quietly on the bucket valve, if its working speed

exceeds a certain limit. In order that the water on the bucket valve

should not leave it till the end of the upward stroke, the retardation

of the bucket after the middle of its stroke must never exceed the

ater on the bucket, due to the force of
gravity. Assuming uniformity in the angular velocity of the crank,

downward acceleration of w

and ‘neglecting the influence due to the obliquity of the connecting
rod, this limiting speed would be” given by the equation
N —V—b‘

where N is the number of revolutions per minute and S the stroke
i ins.  Thus if the stroke of the pump bucket be g inches, then
in order that the delivery should take place in a quiet and steady
manner, leaving enough water on the bucket to fill up the prejudicial
clearance space, the speed must not exceed

21§ .
=~ 7= 72 per minute approximately.
o p PP
The loss of efficiency, due to the excessively high working speed
of the bucket is greater when the lift of the valve is too large ; for,

then the action of the valve would become very indefinite; and the

two sides of the valve would be kept in communication, when they

ought to be shut off from each other. Prejudicial effect of this kind

is felt less in the case of single acting pumps than in the case of

double acting ones; because, the delivery chamber is separate from

the suction chamber, and the bad vacuum above the bucket does

not cause a bad vacuum below. For al] that, it is very desirable

to work the pump within the limiting speed as indicated above.

A great difficulty with an independent air pump engine, working on

ordinary steam distribution, is that it can not be run at a slow speed,

as it is very liable to stop at the slightest change in the amount of

load or resistance. This arises from peculiar circumstances under

which it is working.

We have already seen that the whole work

of a single acting vertical air pump is done during the upward

stroke, and almost nothing during the return stroke., At the top end

of the stroke, every piece of the reciprocating parts is ready to descend

and the assistance given to it by the difference
of pressures between the two sides of the b

by its own weight ;

ucket is more than enough

The steam admitted to the top end of the
cylinder, under these circumstances, is not

to start the motion,

only entirely superfluous,

it is, on the contrary, very injurious to the smooth running of the

engine.  Any one who has stood watch beside this sort of air pump

engines would know in what a laborious manner the crank moves

round during the upward stroke and how suddenly it jumps down
the moment after it has reached the top end of the stroke, Should
he happen to open the main bearings and examine them,

indeed be surprised to notice a great de

he would

al of hard beatings .which

. &
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the bottom brasses had had to bear while the top ones had hardly
been touched. In the case of a double cylinder air pump engines,
this jerky motion could be remedied somewhat by setting the pair of
cranks nearly opposite, so that each crank would work for its own
pumnp during the upward stroke, and for the adjacent pump durinz the
return stroke, alternately.  With this arrangement of cranks, however,
the starting of the engines becomes a matter of great difficulty. In
an ordinary steam engine with a uniform load, the provision of a fly
wheel of moderate size is quite enough to enable the crank to get over
the dead points. Not so with air pump engines, working on ordinary
steam distribution. The reason is not far to seek. As we have
already seen, there is little or no resistance at the beginning of
cither stroke. A very slight opening of stcam stop valve would be
quite sufficient to commence the stroke, but the increasing resistance
towards the cnd of the upward stroke, due to the pressure of air
compressed between the head and bucket valves would ultimately
stop the onward motion of the reciprocating parts, unless.more and
more steam is admitted to overcome the resistance. If the opzning
of the -steam stop valve had been made sufficiently large in anticip-
ation of this increasing resistance, then the motion of the crank after
passing over the dead centre would be so violent as te endanger
the' safety of the working parts. Whole trouble lies in'the wrong
distribution of steam. When there is a minimum of resistance, full
initial pressure is applied. After cut-off the steam expands, the
pressure falls to the terminal point, and then we have to ehcounter

the greatest resistance that can take place during the whole

revolution. No wonder then that the pump would stop. The\
operation is particularly trying when, beside the irregularity of load,
inherent to the action of the pump itself, there do exist external
causes such as sudden variations in the power of main engines, with
the corresponding change in the amount of air and condensed water,
the rolling and pitching of the ship, etc, which makes the water
supply in the suction pipe intermittent. The pimp designed for a
certain power of the main engines may be too small or too large
for another power. But, within a certain limit, the size of the air

pump has very little influence on the vacuum that can be maintained
in the condenser. For, if there is any tendency to malke the vacuum
worse, more air would be pumped out each stroke, by the same
pump. And the: pump that is too small suffers less from the fluc-
tuation of the work to be done than the pump that is too large, as
the supply in the suction pipe could be made less irregular on
account of the smaller quantity of air or water that it has to pump
out per stroke. To insure a steady, continuous and uniform supply
of water in the siction pipe of an air pump, it must be located as
near the condenser as possible, espscially in transverse difection.
Another fact which is very characteristic of air pump engines is

that when the speed of the pump is increased, the load on the pump

is decreased ; for, whatever may be the working speed of the pump,
the work to be done per unit of time remains constant, so long as
This is

another cause which contributes to the difficulty of controlling the

the same conditions are main®#ined at the main engines.

motion of an independent air pump engine. A smaller air pump is

% (]
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better off in this respect than a larger one, Defect of this kind
could be remedied to some extent by working the air pump in
conjunction with some other auxiliary engines, such as the centrifugal
pamp in which the resistance would increase with the increase of
speed, The fly wheel gives us another means by which we could
regulate the irregularity of crank motion more or less. It is certainly
a very useful appeniage to an ordinary steam engine; . it :req ires,
however, an enormous diameter to be effective for the regulation of an air
pump engine, and i_s therefore a not very desirable fitting on board
a war vessel, where the weight and space is of a paramount impor-
rance. An air pump engine with three cranks is said to have given
a fairly good result, - But, the best of all methods is so to adjust
the distribution of steam in the cylinder as to m“et the varymﬂ load
on the bucket of the pamp at the right moment in such a way
that the indicator cards taken from the steam cylmder should in
effect imitate those taken from the pump itself. Such an_engine as
this assisted by a fly wheel of moderate size would work tols

rably
well.  Suppose we are conssdermv- the design of a double cylinder
single acting wvertical 3.11‘ pamp engines. Let the cranks stand at
right angles to each other. With this arrangement of cranks the
motion may bz a little jerky but the pump would b

stop, than with cranks set nearly opposite From

2 less liable to
what we have
12 proper distributio1 of steam for

eration should bz such as would satlsfy the

seen before, it is evident tha.t th

the enzinz under consid

followmg conditions : —

(1) Dur[ng_ the upwar._'l stroke the admission of steam should be

continued to the end of the stroke without cut-off. ;

(z) Where practicable, the bottom steam port may even be left
open to the steam instead of tg the exhaust, during an early part
of the return stroke. '

(3) No compression is wante on the top side of the piston, at
the end of the upward stroke; for, the air compressed on the
bucket would be more than ensuzh for the requirements of the case.

(4) No lead need be given to the to>p steam port at the beginning
of the downward stroke; for, as was already explained, every piece
of reciprozating pirts is ready to descend by its owa weizht. In
fact, the lead may even be made a nzrative quantity, in this case.

(3) During the downward stroke, the steam should be cut off, not
later than the middle of the stroke.

(’)) Towards the end of the downward stroke, the compression and
admission of steim should take place as early as possible, to cushion
up the heavy mass of reciprozating parts which is jumping down
upon the main bearings. Most of these requirements could be ans-
wered by giving different amount of laps to the edges of the slide
valve. But, if it were the question of mikinz suitable alterations to
an alr:ady existingy enzine, the above conditions could be satisfied

" more or less by shifting the ceatre of the slide valve toward the
top, or by pushing the centre of the exceatric biwckward. An
automatic governor is a good thing to regulate the spzed of an
engine. But, on board a vessel that is sometimes subjected to heivy
rolling and pitching, any governor actinz on the principle of weight

and centrifugal force does not give a very satisfactory result. On the

&
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contrary it may be a source of troubles in itself. A better plan
would be to take advantage of the wire-drawing action of steam, by
giving very contracted area-to the steam and exhaust ports of the
cylinder. The latest practice is to. make the top steam port about
one-hundredth part of the piston area and the bottom one about
If desired, valves or cocks may be fitted to these ports

With the restricted

one-fiftieth.
to adjust the amount of passage area required.
area of the steam and exhaust ports,, the action of steam in regula-
tinz the speed of the air pump engine would be as follows: —

At the beginning of the upward stroke, there is not much resist-
anze. except perhaps the dead . weight of the moving parts and a
slizht mechanical friction of bearings, etc. = A very small amouut of
steam  admitted to the cylinder would start the motion at a
certain speed. The initial pressure of steam in the cylinder would
be far below the pressure of steam in the slide valve casing, On
account of the increasing resistance, due to.the compression of air
on the bucket, the speed of the bucket falls down little by little >
more and more time is given to the steam to get into the cylinder,
so as to increase its pressure in proportion to the augumenting
resistance, This would prevent a sudden stoppige of the engine,
whatever may be the augumentation of the resistance, so long as
we have a sufficient margin of reserve pressure in the valve chest.
After the crank has passed over the top dead centre, the load on
the bucket suddenly disappears. The piston speed instantly increases.

But on account of the restricted port area, the steam can not follow

the piston with a sufficient rapidity. The pressure of steam in the

increasing space at the top end of the cylinder falls dawn. And
this would to some extent diminish the jerky motion of the recipro-

cating parts. The exhaust port plays as importaat a part as the

steam port in the regulation of spsel. Let us repeat the cycle of
At the

operation and see what is taking place on the exhaust side.
beyinning of the upward stroke, the back pressure on the piston is
comparatively high, on accunt of the contracted area ofthe exhaust
port, as well as the rapidly decreasing volums-on the top side of
the piston. With the increasing resistance the spsed of piston falls

down little by little. More and more time is givea to the exhaust

steam to escape and this is attended with the decrease of the back

pressure, so the piston is able to continue its motion, in spite of the

After the crank gets over the top dead centre,

The piston speed

inzreasing resistance.
the load on the bucket suddenly disappears.
instantly increases. But by reason of restricted area of the exhaust
port at the bottom end of the cylinder, the exhaust steam can not
cscape with sufficient rapidity. This would serve as a splendid
cushion to prevent the hammering action of the moving parts upon
the main bearings. The restricted port arex is not only very
beneficial to check the irregularity of the crank motion, during
each revolution, caused by the variation of load on the bucket,
which is pzculiar to the action of the air pump itself, but it
is also an excellent governor for the rezulation of speed, even
when the variation of load is produzed by some external circum-
stances such, for examp'e, as the sudden change in the power of the

miin engine for which the pump is provided, the pitching and
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rolling of the vessel, etc. Whatever may be the cause of itregular
motion, the office of the téstricted area of the steam and exhaust

ports is to iticrease or diminish the forward or back pressure, so as

to meet the virying resistance at a right time and in an agreeable |

manner, and thus niake the motion mote steady and utiform:. Here

it may be asked why we could not get at the same result by simply

adjusting the openings of the stop valves

at the steam and exhaust
orifices of the cylinder.

The reason is simply this that the volume

contained between the piston on which the steam acts and the point

at which the steam is wire-drawn should be made as small as

in order that the effect of the wire-drawn steam on the

reguldtion of the engine speed could be most seusitive. For the
same reasof, it

possible

is a very bad design to have the reguliting ste

am
stop valve fitted some distarice away from the engine cylinder,

using

a cotnecting pipe between thiem, instead of fitting the valve to the

cylinder direct. There is another question:  would it not be rather

thod in which it his to be wire-
drawn.? This is triore apparent than real.
steam used p

unecontomical of steam to adopt a nis

Since the quantity of
2t stroke is proportional to the terminal ptessure for

a given amount of mean pressure, there is no denying the fact that

more steam will be rejuired pe

r stroke on this system of regulation
thin in the

case of a steam enginie of the sam: siza
accordance with usu
remember, however,
a slower spzed

that the steam used per unit of time would fiot be any greater for

working in |
al practice of slide valve setting.  We must |

that by this means we coald run the pump at |

and maintain a better vacuum in the condenser. Sgo

its adoptiom.  Besides we have another advantage, due to the dim-
inished back pressure on main engine low.pressure piston. If the
terminal pressure of steam is too high, we can use the exhaust from
the air pump engine for some other auxiliary purpose such, for
example, as the feed water heater, evaporator, etc.

The Worthington pump, Blake's pump, Weir's pump, etc, known
as direct acting pumps have no cranks, their motion being entirely
controlled by means of wire-drawn steam. One defect of some of
these pumps is that they have no fixed length of stroke. When too
much steam is admitted, there is a danger of the piston breaking
through the cylinder cover. On the other hand, when the quantity
of steam admitted to the cylinder is not suffizient. the piston would
stop short of its proper stroke, and commence the return stroke,
whicll “action on the part of the bucket would make the clearance
space very large and the vacuum in the condenser Very poor.
Annexed are soms of indicator cards taken at different pzriods from
alr pump engines on board several vessels of our navy.
of the

In the case

’

“ Naniwa,” the air pumps were originally of double ucting

type. They were after-ward converted into single acting pumps with
a mirked improvem:nt in the vacuum. The engine is fitted with
Marshal’s valve gear, and the motion is beinz controlled by convertinz
all the four crank arns into solid fly whe:ls. Those who have
witnessed the jerky motion of the < Takiao”s’ air pumps would
uiderstand why it should be so by lookinz at the card here repre-
sented. Air pumps on board the « Matsushima, ™ the ¢ ltsukushima ”

and the “ Hashidate ” are worked in combination with the fzed, bxlge_

= =
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and circulating pumps, so that their motion is considerably better

But this system of grouping

than that of the « Takao's’

a number of different pumps and working by onc steam engine

air pumps.

has this serious defect that when any one pump of the group goes wrong
the whole lot. would be disabled at the same time. The ' Akitsu-
shima * had once had great troubles with her air pumps. _The principal
cause of the trouble was that the lift of the pump valves was too large.
The slide valve setting was not very satisfactory . either.  Subsequantly

they were fitted with new slide -valves.  And this made the motion

smoother. Iorjthe sake of comparison, two scts of the indicator
cards, one taken before: and the other after the alteration are here
annexed. In the case of the “ Suma,” what had been done to the
“ Akitsushima ” s’ slide valve was carried a step farther. The top
port arca was made less than half the area of the bottom steam
port, and a considerable amount of negative lead was given to the
upper cdge of the slide valve. The cruiser ¢ Chitose, ” built at the
Union Iron Works of San Francisco, cal. was fitted with Dow’s
patent air pumps. They are of a type known as direct acting pumps,
there being no cranks nor fly wheels. There is one steam cylinder
operating on a pair of single acting vertical pumps, through a wor-
king beam. The distributions of steam for the top and bottom ends
of the cylinder are exactly alike, each end doing the work for one
of the two pumps, Plug cocks are fitted at the top and bottom
steam ports to regulate the supply of the steam. The length of
stroke is controlled by means of an ingenious governor, arranged in

such a manner that the supply of steam to the cylinder would be

ions per minute.

increased or cut down,"according as the throw of the bucket is less

than or exceeds the prescribed length of stroke. These air pump

engines work very nicely, and could be run as slow as 12 revolut-
A vacuum within one inch of barometric height
has often been obtained with these pumps. The air pump engines
on board the battleship ¢ Shikishima ” are of crank and fly wheel
type. They have also given us some trouble in the control of their
motion. After trying a modification in the angle of cranks their
slide valves were ultimately altered, with a better result. The indicator
card here app:nded was obtained after the new slide valves were
fitted. bucket

vialve or foot valve, but simply scooping or catching up a certain

Air pumps, working with blank buclket, without any

volume of water and air each stroke scem to be better suited for high
speed than the ‘pumps of usual type with the foot and bucket valves.
Edward’s pump, recently patented in England is one of the best pumps
of this description. In concluding this paper the writer should like to
thank Admiral Miyabara. Engineer-in-Chief of our navy, who kindly
allowed the writer to publish the indicator diagrams and other

informations in connection with our air pumps,

: ;
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STATEMENT OF

WEIGHTS.

Water

Officers, Men & Effects
Provision

Masts & Rigging
Anchors

Stores

Cables & Accessories
Boats

Armament and Ammunition
Machinery

[Tull & Fittings

(‘oal
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35.00 Load

58

.84

2.13

2.00

125.00

112.50
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PRESSURE IN RECEIVERS | ; REVOLUTIONS i ‘ 3
e o b o ey SR Prossume, — —— ———|Observed -—Pe‘id Ist | 2nd
HP P LLP ‘ PER MILE | PER MINUTE due S } S
SR, %,, =S 1 et T Time to ‘ | :
's|{els p|s;pys p.5 | s| P s P s |
| 105 200 | Ios 100 | 27 | 26 26 . 28 3% 3 : 736 i 724 | 392.9 - 386.4 1—>2h-4 32.028 30.5 30 i
t ' | i ! 30. |
L 137 [ 200 , o5 loo 27 ' 28 | 26 27 4 3 804 i 700 ‘ 388.4 | 385.3 | 2- 42| 20032 30.554 | 30542
i 195 1 197 104 100 28 ' 30 | 26 . 27 4 3 734 | 723 ‘ 3925 336.6 | I-52.2 | 32.083 30.466 ; 30.510
‘ 108 203 102 | o8 | 27 55 1 26 | 28 | 3% 33 | 806 8oz 387.7  385.0 | 2- 4.8 28846 30.130 ~ 30.208
\ 193 | 196 ' 102 100 ‘ 2y | 29 26+ 26 3 3 | 728 | 720 | 38L.1 380.4 | I-54.6 31.4I4 20.048 30.039
| 184 | 184 100 | 95 26 . 26 , 25§ 26 | 3 2} | 8oo | 799 | 3785 378.0 ' 2- 6.4 28431 ‘
! i - | ! |
| ‘ i | | | ESEEES TEESEESESES _—‘_- g ————— - -
192 | 103 103 99 27 | 28 26 27 | 3} 3 | 764 | 760 | 3855 ' 3838 Mean 38350
\ = 1E S | USRI | e S e S | CO NN e — Efre b
| 200 | 203 | 110 ! 10! 30 '\ 30 | 26 | 26 | 4 : 3} ]719]:300 lm;f;ié) i
1 o '
| 200 J 210 | II5 | 11O ‘ 30 ! 30 26 233 41! 33 7860 | 7732
i 208 i 205 | 115 | 110 3z | 28 26 25 4 | 3 | 7804 . 7804
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J \ ! | s 3 '
e RO N Y TR
| 200 ! 200 TI0 ‘ 108 | 30f 30 25?}% 25 ’ 4 “ 3% i i
Total 47218 46654 61.506
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jéi)3,6=61_596 SOP{Q Mean of 3 hours
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Bostox, Oct, 3rd- Tgoo
Professor S. Terano
Dear Sir :

While I highly appreciate the honor of being invited to
join your society of ndval architects I am prevented from
accepling that invitation by the fact that there are many
sientific routines in America to which it is necessary for me |
to be a member. I shall hawever take much interest in your
socicty and in the devclopement of the marine of your
country.

I very much regret that Professor Miyoshi was not able to
come to Boston and that I did not have the pleasure of
meeting him. I send with this a copy of a paper which I
have prepared on Bullkheads and which has not been published
I hope that you may find it available for your transaction as
I shall be honored to appear in them.

I am very truly
C. C. Peabody,

STRENGTH OF BULKHEADS.

e S S L B N e e

In discussing the strength of bulkheads, two distinct problems

arise, namely, —the strength of the framing which supports the plating,
and the strength of the plating itself, for the rigidity of the framing
of large and important bulkheads is so much greater than that of the
plating, that the latter can contribute little or nothing to the general
or structural strength of the bulkhead. Indeed, the plating is com-
monly so thin that it must be treated as though it were devoid of
rigidity, just as a fibrous material would be if made waterproof and
subjected to pressure.  Properly the framing of a bulkhead should be

independently secured to the framing of the ship; when the framing

of the bulkhead consists only of angle irons riveted to the plating, and
cut short near the edge, the security of the bulkhead will depend on
the riveting of its edge to the framing of the ship, and therc is likely i
to be a dangerous concentration of strains at that place, more especially |
as the calculations of stress and strain under such conditions are diffi- 1‘
cult and uncertain. ‘

The framing of a bulkhead should consist of Z bars or othu:!
rolled or built up forms which are adequately secured at their ends to ?‘
the framing of the ship. The simplest framing will be made up of |
vertical bars, or other members, extending from the bottom of the hold |
to a deck, or from one deck to another. Such vertical members will i

naturally be placed over the corresponding members of the framing |

of the ship. For example, the frames for a longitudinal midship bulkhead
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will cach be placed over a floor, though there need not necessarily be

a bulkhead frame over every floor frame. At the present time all

important .steamships lave double bottoms with a sufficicnt number

of longitudinal members over which the frames for a transverse bulkhead
can be placed and to which the lower ends can be adequately secured.
A bulkhead is properly carried up to the main deck or to an upper
deck, and conscquel.ltly the upper ends of the bulkhead frames in the
hold can be sccured by continuing them to the top of the bulkhead.
The scantling of . the bulkhead frames may be reduced between the
upper decks since the water pressure on a bulkhead will be less there
than in the hold.

Bulkheads near the ends of large ships beyond the double bottom’
or in small ships which have no double bottom, may be difficult to
deal with in the manner describeds since there may be no adequat:
means for éc:uring the ends of the vertical bulkhead frames. It may
be sufficient to stiffen such bulkheads with angle - irons, or Z bars
riveted to the plating, cépccially as the depth of the hold in small
-ships is correspondingly small, and since there is likely to be an
“additional deck or flat worked in near the bow and stern of a large
ship.

IF the framing of a ship fails to give adequate security at the ends
of the frames of an important bulkhead, then the framing should be
changed or strengthened, to provide for the proper fastening of those
frames 5 © If this is not done it is likely that the first time a compart-
ment at one side of the bulkhead is filled, the bulkhead frame will

distort the members to which they are fastened and start serious leaks,

ift indeed, they do not tear away from their fastenings and cause &
complete failure of the bulkhead.

In general, it will be advisable to use widely spaced, deep frames
for a bulkhead whenever practicable, since the thickness of the plating |}
is-likely to be controlled by the liability to corrosion quite as miuch
as by the requirements for strength.  Again it is well, when conve-
nient, to divide the length of a bulkhead frame in the hold by carrying I
a side stringer across a transverse bulkhcad, or by providing a similar
stringer on a longitudinal bunlkhead, as the compound structure can !
probably be made the lighter.

It is convenient to discuss first, the strength of a vertical bulkhecad
frame, and to consider it to be a beam having a uniform section fixed
at the ends and subjected to a load which increuses uniformly from the
top downward, as represented by Fig. 1. If the depth of water produc-
ing pressure at the top is hy and if the space between successive
frames is S, both in feet, then representing the weight of a cubic foot
of water by D, the load w, per inch of length at the top is
Dh, S

12

Wy = (19

and the load por inch of length at the bottom where the depth is h,

will be
s D bh; 8 {21)
Iz
The load at the distance X from the origin O will be
W=, (w, — \\'U).‘I_P (2)
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and the total load on the frame is

W =fw(lx= woI _I_(w1 — W I=(w,+ \VI)L (3)
2 )
. 2

which might be inferred directly since the mean load per unit is

1
— Wyt wy).
2

“Let the supporting forces at the upper and lower ends be I, and
Fy; Which are unknown forces to be determined later. Then the

shearing force at the distance x from the origin is

o
2

a %
F=F,+ f [wo + (wy— wD)T]dx =Fo+ wox+ (W —wg)— .
(]

(4)

If we represent the unknown bending moment at the origin by

M,, then the bending moment at the distance x from 0 is
: Wy "“o
M= M +f Fdx= Mo-{-f Fybwpxt ot Jd

W, —W,

- (5)

=M +Tn\+m\ +

By the theory of beams the second differential coefficient of the
deflection V is
dv M
dx* T EL
where M is the bending moment, I is the moment of inertia of the
scction of the beam about its neutral axis, and Ii is the modulus of

clasticity. Substituting for M from equation (5 ) and integrating

W,

Fag, 2
I
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dv 1o . W, Wy — W,
T =‘Iﬁj (MO-E- Foxt 7'x”+ —f‘)dx

1)

=j‘1_j(M°X $+ T2y Woya, Wit Wo x")
4 2 5] 24 1

A second integration gives for the deflection

1 o \f[ i XE + “’"ﬂ 3+ '\Vl_\vo ] I
— — T . P — —_— A =
S If( 0;\_+]02 5 X Y .\)(x
0

I ( x* 2w Wy —Wo s
et | M E g By g, g )
I\ %2 L 6 =24 + 120 1
But since the frame is supposed to be fixed at the lower
where x =T, we have at that point both the inclination L:V
dx
the deflection v equal to zero, so that equations (10) and (11)
5 o vz Wi—W
Q=M Bl g Noqa g W1~ Wa
2 1§ 24
g I W, Wi— Wy
O=Mz+F s L1021 0.7°
3 12 6o

subtracting equation (13) from equation (12 ) we have

frem which

I
Fo= — 9—0(7“"(1'{" 3wWy)

(10)

(11)

end

and

give

(14)

The negative sign shows that the supporting force is opposed to
the load as it of course should be.

The supporting force at the lower end of the frame is obtained

by subtracting the numerical value of F, from the total load w by |

equation (3) so that

i — Ll (16)

Substituting for I, in cquation  (12) the value given by equation

(15) we have

Wi a0 Wy==W5
9 + Nl Rl L1

O=My~(w,+ 3w,) —— + Yo 1°
40 6 24

I . o
P"Tn-_—.‘ﬁ-wul-.}.__I w, 1% CIT)
20 30

This gives us the means of calculating M, numerically, so that it
now becomes a known quantity, and we can then proceed to calculate
the bending moment at any point by the cquation (35), IFor example,

the bending moment at the lower end of the frame will be

Wi—Wp ;e

M=, + F,l 4012y -

=M, +F, (L w(,.].-é_wl)tﬂ (18)
3

This will always be the greatest bending moment on the frame. The

=

bending moment decreases for sections above the lower end and becomes

zero at the point of inflection. Near the middle of the beam the
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bending moment again attains a maximum which can be determined by
equating the first differential coefficrent of the bending moment from
equation (5) to zero; that is by making I equal to zero in equation

(4) so that

X‘l
O =T+ wyx,, + (wy — w2
21
5 21w, 21
or Xon J Xp=— FO ( Ig)
W, — W, W, — W,

The numerical solution of this quadratic equation gives the value sf x,,
which can be substituted in equation (5) to determine the correspon
ding bending moment.

To find the maximum deflection of the frame, we may equate to

zero the first differential coefficient of the deflection from equation

. dv . ¥
(11); that is, we may equate o to zero for equation ( 10) giving
dx )

2
O=M.x, 4 F;2r g 05
i b F g 24 1

W, — W, 4

from which

Izl*ﬂrx:,=.24 M, 1 (20)

:5+ 4“”(11 .\’2-}-

Wy— W, W—W, Wy — W,

The solution of this cubic equation gives the location of the
maximum deflection at x, and the deflection can then be calculated
for that point by and of equation (11).

The only adequate way of securing the ends of a bulkhead frame

is to use wide and deep brackets to secure the ends to the floor and

the deck, at the lower and upper ends. It now becomes a difficult
question to determine what length of frame to use in calculating bending
moment and deflection. One cxtreme will be to take only the frame
between the brackets; another extremic will be to consider that the
brackets merely make up for the lack of rigidity of floors and decks
and so take the entire distance between the floor and the deck.
Probably something between these extremes will be fairest. In any
case the greatest stress will be found at that section of the frame which
is just above the lower bracket. It will be shown later that a close
approximation to the deflection can be obtained by the second extreme
assumption namely, that the frame under consideration, extends from
deck to floor, and that the brackets only make up for lack of rigidity.
Having selected the section of the frame at which the greatest stress
is likely to be found, we may find the bending moment M for that
section by equation (35) and then the stress can be found in the usual
way by the equation
M=fL (21)
3
It may happen that a compartment will not be entirely filled, or it
may be desirable to determine beforehand the extent to which a com-
partment can be safely filled when a bulkhead is tested under water
pressure ; for it is unwise to distort or give a permanent set to a
bulkhead duoring such a fest IFig. 2 represents a bulkhead frame
with the water a distance S from the upper end.
The load per inch of length at a distance X (greater than s) from

the origin will now be

I

=
]

.ngﬁ' i

F
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X=5
W =W,

I—s

and the total load on the frame is

I
W= —Wy(I —3
. o1 —3) (23)

The shearing force will te I, at the upper end of a bulkhead
frame, as far as to the surface of the water.  Below the surface of the

water the shearing forcc will be

—8
S X=—5
=4 fwﬂ X
¥ 1—s

Tle bending moment -above the water surface will be found by

Wy(x —s)
—s =1 4
® ot 2 (I—5s)

(24)

adding Fox to the bending moment M, over the support. Below the

surface of the water the bending moment will be

M=M, + fl*‘ndx.{_ I-TL(X—S)“ d(x—s)
y S 2(I—s)
S = (s
The slope of the beam is
s ! VF(M + Fx)dx g 22 f (_\ sPd(x —s)
e x)ds X—5 X—
ox LT Bli—s))
1 Wax —s)!
= (Mg 4 LFpey e ) 2
E 1(1 e \ES)

The deflection of the frame is

=7
[

I ( I a) : Wy j: i
Ve | [(Mxy —Fo?)ldxge —2 [ (x~s5itdix—5
EIDf Ll ¥ 24 (1—s), y =g

I I I oo wylx—s) |
=— ——I\JI >l P N | >I E o i R A [ |
. 1~:I(2 T g °Y+Izo(r-s) 7) |

But at the lower end of the frame where x=1, both slope and

deflection are zero, so that

Wyl —s

O=M,14_LF 14
2 24

; —c\
O=M1 +_I-F012+‘_‘?(1__5)_
3

60 1
(314 2s) (1—s)"

I - .,
O=_F '+ w,
6 120 1

v (37 +2s) (1 —sf
20 I8

]‘u=_.

(28)

It will be convenient to calculate 15, numerically, and insert it in
the cquations where it appears.

T

ve L [[m __1« @l __J— d(x—s)
i, [ X | X4 =5 (x —s)d(x—s)
I I I o .. Wyx—s)

Yk T Wl T gy W ( 2
E [ 2 2 6 ' Izoit—s)] 2)

The maximum deflection is obtained by using for x in the above

. . 5 v F .
equation the value obtained by equating to zero in equation (26),

which gives

U
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O=Mgx, - L Fty PdX—5"
2 24 (1—s)

consequently

xf,—4x_‘f,s+[65‘3_2170(1—s):lx';‘.+z4EiMU—4sﬁ:|x',+s4:o (29)
W Wy

In discussinz the strength of bulkhead plating, two cases can be
distinguished. If the bulkhead is subjected to pressure, first on one

side and then on the other, as may occur in an oil carrying
steamer, then it appears wise to make the plating stiff enough to
avoid a permanent set, But if a bulkhead (such as one aft of the
engine room ), will be subjected to pressure only through an sccident,
it will be sufficient to make sure that the plating will not be ruptured
or so distorted as to leak badly. Bulkhead plating which is always
subjected to pressure on one side, as for trimming tanks, may be
treated by the second method provided that the plating is thick enough
to avoid an increasing amount of permanent set; but it woull appear
to be better to treat such plating by the first method.

It has been assumed that the framing of the bulkhead is strong
enough to carry the load due to water pressure when a compartment
on one side of it is flooded, and that, in general, the framing will
consist of vertical members fixed at the ends, The plating between
such vertical members, much like flooring or floor girders in a build-
ing, is expected only to carry the load on to the framing. Just as in
calculating floors it will be sufficient to consider a horizontal strip one
inch wide reaching from one frame to the next. This strip of plating

may be considered to be a beam fixed at the ends and uniformly loaded.

If W is the entire load on the beam. then by the ordinary theory Of;
beams, the bending moment is greatest at the supports and is then

equal to

I
1z

M—

Wi (30)

where 1 is the length of the strip in inches. The moment of resistance is

£

v i

as in the pmceding investigation, f being the stress, I the moment of
inertin of the section of the beam and y is the most strained fibre. |
Taking unity for the width, and t for the thickness of the strip of |

|

plating, then

L and y=_l_

I2 2 T
so that :
5 T i
LW he=—f B (31) |
12 6 i
and ‘t
e |
I wi I WI !

- = = (92 )

g z f
The deflection of the plating under the load W is
3 3
v fI fI (33)

S Ly 16Et
where I8 is the modulus of elasticity, and y is the half thickness of
the plate.

So long as the stress at the supports, as calculated by equation

(32) does not exceed the elastic limit of the material of which the
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plating.is made, then when the pressure is released the p'ate will again
become flat as it was before the pressure was applied.

If the elastic limit is exceeded at the “supports, the metal will
begin to flow at that place, that is, the p'ate will begin to bend around
the edge of the support. The effect of this bending is to increase the
deflection so that the plate begins to bulge under the pressure of the
water on it. If this is continued far enough, the plate will bulge into
a cylindrical form between the frames, and will then be subjected fo
tension only, as is the plate of a cylindrical steam boiler, It may
readily happen, however, that in the process of bulging the plate, the
elastic limit has been exceeded only at the edge of the frame, and that
conscqﬁcntly the plate will tend to flatten out when the water pressure
is removed. But the plate cannot become flat at the edge of the
frame for the sharp bend or kink at that place, will remain after the
pressure is entirely removed. It does not appear that the plating will
be injurcd by repeated applications of pressure on the same side; but
if pressure is applied first on one side and then on the other, the plate
will be bent back and forth at the edge of the frame, and will finally
become hard and brittle, so that it will be likely to crack and fail at
that point, more especially if corrosion is set up in the crack. Con'se-
quently it may be unwise to use this method for dealing with plating
on a bulkhecad which separates the compartments of an oil carrying
stcamer. And yet, as the angle to which the plate is bent is small.
it will probably endure bending back and forth very many times befure
a crack is started.

A thin plate which has bulged into a cylindrical form without

exceeding the elastic limit, (save at the supports), may be likened to
an elastic, flexible cord, which is just long enough to reach between
two supports when it is not extended by its weight. Such a cord, will
of course, hang in a catenary under the influence of gravity and its |
elasticity. The thin plate, of course, takes a cylindrical form, because |
the pressure on it is uniform ; the radius of the cylinder will depend
on the pressurs, the thickness and the clasticity of the plate, and the
distance between the frames.

In order to find the relation between the hydrostatic pressure on
the plate and the thickness to withstand that pressure, we may proceed
in the following way. If f is the tension per squate inch on the plate,
and E is the modulus of clasticity, then the stretch per unit of length
is f+ K. If the distance from an edge of a frame to the nearest edge
of the next frame is S, then the stretch of the plate between two
frames is s f—+ I&. Before the plate is bulged under pressure, it will
lie flat, and its length s will form a chord reaching from frame to

frame ; after it is bulged it will form an arc having the length

f f
S+S_F_=S(I+_m (34)

] 1
The corresponding radius cannot be determined directly from the usual
trigonometric functions, but may be obtained by interpolation in the
following table, which has been calculited for the purpose.  Thus an
arc which aubtends an angle of 5°is 1.05,317 times as long as the chord,
and its radius is 11.463 times the lenzth of the chord. The stretch is

0.000317 s=s _}f

-"
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so that the tension is

f =0.000317 x 18=0.000317 % 28,000,000 =3930

pounds per square inch for medium mild steel.

By aid of the table the radius corresponding to a given working

tension f can be readily determined, and then the thickness can be

found by the usual equation for a thin hollow cylinder which gives

(35)

where r is the radius in inches, p is the fluid pressurc in pounds per

squarc inch, and f is the safe tensional strength,

Properties of Circular Arcs.
_ Chord = unity.
| Angle Iength | Length of ‘ Rise ‘of Stress
: | of Arc. Radius. | Arc. PAts Rt
i | sq. in |
b 2 3 4 g |
[ [ { i i |
| 5° 1.000317 | 11.463  0OIIO Sgoo
| 5° 30" | 1.000384 | T0.421 | oolz20 10800
6 1.000457 | 9-554 0.0131 12800
i 6° 30 | 1.000337 - 8819 00142 13000
| P | 1,000522 |  8.ago 0.0133 17400
| ° 30’ ' | 1.000715 |  7.64% 00164 20000
|
| & ' 1.000813 | 7.168 0.0175 22800
8° 30" | 1000018 | 6.747 0.0185 25700
‘ | 9° - 1.00T029 6.373 0.0196 28300
| 9 0.0207

9° 30" | I.001145 6.038

32100

The deflection of the plate can be found by multiplying the rise
of the arc for a chord = unity by the distance between frames. '

The frames for important bulkheads shculd always be made with
a member (a Z bar or other rolled form) on cach side of the plating,
so that the rivets may come near the neutral axis of the section of the
frame. The plate between the two members of a frame will take part
in the stretching when the bulkhead is subjected to pressure. the
amount and location of the streich depending oun the riveting of the
frame to the plating. (The effect of the stretching of this part of the
plating is difficult to determine, but as it tends to decrease the radius,
and consequently the stress in the plate after it has assumcd a cylind-
rical form, we can well afford to neglect it.

To illustrate the use of this method of calculating the strength of
a buikhead, it will be applied to the longitudinal bulkhead separating
the engine rooms of the U. S. Battleship © Iilinois,” which was tested
under the direction of Naval Constructor J. J. Woodward, U. S. N.
The record of this test is given in the ¢ Transactions of the Society
of Naval Architects and Marine Engineers' Vol. VI, 1808.

The frames each consisted of two members, one on each side of
the plating. Fach member consisted of a Z bar 6 inches deep, and
with flanges 3 inches wide, weighing 15 pounds per foot of length ;
reinforced by an angle bar with a web 4 inches deep, and a flange 3
inches wide, and weighing 9 pounds per foot of length. Allowing for
the thickness of the plating between the two members, the frames had
a total depth of 12—% inches, and had flanges 6 inches wide. The

total moment of inertia about the necutral axis was 243.

e 2
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The frames were secured by brackets to the floors of the double
bottom at the lower end, and to the beams under the armored deck at
the upper ends, by triangular brackets of 15 pound plate. The brackets
on the two sides of a frame were dissimilar at both the top and the
bottom, depending on the placing of piping, machinery &c.. The
brakets at the bottom were 16—} inches wide; one was 4 fect high,
and the other 135 inches high. At the top, one bracket was 20 inches
deep, and 15 inches wide; the other was about 24 inches decp and
17 inches wide, but the channel bar was cut short on this side to
clear the work for sccuring a water tight joint between the bulkhead
and the armored deck. The reinforcing angle irons were carried along
the cutside edges of all the brarkets to stiffen them, and the deep
bracket at the lower end was reinforced by an angle iron clip 3 inches
by 3 inches, and weighing 7 pounds per foot.

The total length of the frames from the lower edge of the deck
beams to the floors, was 2z feet § inches, and the head of water for
the test was 24 feet ahove the floors.

The frames were spaced 4 feet apart; consequently the load on
a frame par inch of length at the lower end was

Wy =062.4 X 24 X 4+12=4090.2
where 62.4 is the weight of a cubic foot of fresh water.

The head of water acting at the top of a frame was

&)

24~ 22—--;2_=I.33 feet,

and the load per inch of length was

We=02.4 X 1.33 X 4+ 12=27.7.

The total load on the beam, by equation (3) was,

292

w=(27.7 4 499.2) = 71660,

o

From equations (15 ) and (16) the supporting forces at the upper and

the lower ends are:

Fo= - 2703 (7 X 27.7 + 3 % 499.2) = —23000.
P — 212 (3% 27.7 47 X 400.2) = —48660.

The bending moment at the top of a frame is, by equation (17)

MU=37.7 P g 499.2 X 272*
20 30

= 4 1,333,600.

The section of maximum bending moment near the middle of the
frame is found by equation (19).
72X27.7

2
P42 Ll p= —
471.3 4710.5

2 % 23000 X 272 .
: p=147.7 inches.

At this section the bending moment is by equation (3)

M=1.333,600 —23000 X 147.7 + 207 147.7"
+ _(47I' Sy 147,7°= —830,002 inch pounds.
Y% 272

The stress oa the most strained fibre at this scction is

M —3
il  ou ik =18.120 lbs. per square inch,

I 20
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The bending moment at the bottom of a frame, is given by equat-

fon (18):

M, = 1,333,600 — 23000 X 272+(i7'_7 +
' 3

4969-2 )2722

=+ 1,013,300

This is much greater than the maximum bending moment near
the middle of the frame, but the moment of inertia is soTgreat, duc to
the two large brackets, that the fibre stress will be relatively low.

The section just at the top of the large lower bracket is

272—4 ¥ 12=224 inches from the top of the frame;

the bending moment at this section is consequently by equation (g )

M=1,333,600—23000 X 224+i;7_ %224 + _(jiizfsg 224°

= —35,152,000. + 5,276.000.= + 124,000,

The fibre stress occasioned by this bélldiﬂg moment will be small
in comparison with that near the middle of the frame, since the moment
of inertia is the same for both sectivns.

It would, probably, be advisable to calculate the fibre stress at
some scction between the top and bottom of the lower bracket, although
it is doubtful if it would be found greater than that ncar the middle
of the frame. .

The distance from the top to the section of maximum deflection,

is given by equation ( z0):

[)3+4><z7.7><37z s I2X23000X%272
4715 471.5
24 X 1,333,600 X 272 ~0

4715

p=142 inches.

At this section, the deflection is, by equation (11 ),

v 142 ( 1,333,600 23000 X 142
T 28,000,000 % 202 2 6
27.7'% 1422 1.5 4
n 7-7 %14 471.5 142.,)
24 120X 272

v

v=0.449 inches,

provided the value of E, the modulus of elasticity is taken as 28,000,
ooo. The greatest deflection as actually measured on the frame was
at a depth of 129” and was equal to 13/16 of an inch. In order to
cet this deflection, the value of £ must be 135,900,000.

Suppose that it is desired to limit the stress in the plating to
15000 pounds per square inch. Then, from the table of the < Proper-
tics of Circular Arcs ™ it appears that the radius of the plate after it is
bulged into a circular form near the bottom of a frame is 8 820 times

the chord. This gives for the radius

45 X 8.819=39.7 inches.
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