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OBJECT AND NECESSITY.

The nature of machines and built up obfscts is such as to
call for the rigid frame for certain parts and moving ones for
others; but owing to the complicated forms of such machines, 1t
is not always possible to hav%?a single piece all the parts
which are meant to be rigid ones. Some parts demand far great-
er strength whilaéBther parts comparatively less strength will
suffice. Besides, according to the nature of the work, the
mﬁchinery is intended to perform some portions ought to be
heavier than others and not requiring sovmuch strength. As the
cost of the machine depends on the strength of the pieces em-
ployed to build it as well as on its weight, it becomes neces-
sary to build up the machine parts in such a way as to be very
economical, Mhile at the same time the machine must be perfectly
fit to perform the duty for which it is intendad. Thus the build-
ing up of different parts into a rigid whole is not only a matter
of economy but of necessity as well.

This object is secured in various ways. There are Key-way
and shaft coupling, the screw and bolt connection, shrinkage and
FORCE FITS, and so on. Each has its own filled up utility and
does the work best with economy when judiciously selacted.

FORCE FITS are generally employed where power is to be trans-
mitted, e.g. crank-pins, cranks, wheels and axles of engines and
cars. They practically replace the duty of kesy-way connection
in shafts and have the advantage over key-way connection in that

they do not lower the strength of the piece in having a portion



cut off. In key-way connection the entire power to be trans-
mitted is practically borne by the key only. Sometimes com-
bined force and key-way fitting is secured by giving a small
allowance to the shaft while the key is inserted in the slot
cut in the hub and shaft. Besides in key-way fitting has the
great disadvantage that in case of loose fitting the connect-
ive piece begins to wobble. This wobbling develops gfeat cen-
trifugal force in heavier pullfﬁg.

Shrinkage fit is a kind of force fit, whers the necessary
amount of force to bring about the union of the two pleces is
obtained by the gﬁiling of the piece to the alr temperature.
Two plecas are finished with 5ézgif§iameterswith the given al-
lowance for the inner one, while the outer one is heated, -
thereby it expands, and then it shrinks into the position over
the inner one. Now the cooling contracts it and secures the
necegsary tightening effect.

No doubt, Forcs Fits develop at tha surfaces of contact
and internal stress in the metal, but if this stress be kept
within elastic limits it will not deteriorate the strength of
the metals while they will perform all the duties required of
them.,

In Force Fits the diameter of a plece to be forced in a
bore or 'hole is generally kept a little larger than that of
the bore. The excess of the former over the latter is called
allowance,~- generally 1/1000 of an inch per inch of diameter.
After the piece is forced in there is a mutual distortion of
the metals equal to this allowance - strain. This strain de-

velops a stress in the metal in contact. The amount of the



stress that is produced is the object of the study in this thesis,
80 as to be able to regulate the strain in such a manner as never

to go beyond the elastic limit.



(II) Basis on Which Such A Stress and Strain can be Realized
Is By Mathematical Calculation.
These calculations are based Hook's Laws, i.e., gestress is
The ‘ effect of

proportional to 3 strain. It also assumes that the, temperature
is negligible, and thet the initial state of no strain differs so
little from final strain that § square and cube of this strain
can be neglected, &and lastly, there is no permament set in the
metal.

Major Birnie, following the methed of Lamé; had developed a
theory of stress which with radial strain in case of shrunk fit
in the gun construction. He assumed that there is no longitudi-
nal stress along the axis of the beore, and found that the great-
est stress 1is the Hoop tension, or circumferential tension at
the inner surface of the outer ring. This shrunk fit decrease
the external diamster of the inner ring and increases the intern-
al diameter of the outer ring. In Force Fits the same thing hap-
pens, so his formula for Hoop tension is applicable to Force Fits
provided we take into consideration the different metals we are
dealing with. I followed his method of calculating % etress.
From that stress calculation got this formula of Force Fits as
was given by Professors Haven and Swett. The calculations are

as follows:
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Having a mind to compare how this o0ld method of procedurs
in working a stress and strain relation tallies with the com-
paratively recent methods as given in Love's bocks on Theory
of Flasticity, I tried to work out the same formula on the basis
of reasoning followed by Love in his book.

The manner of procedure is as follows, and the notations
used are those used by Love. The formula obtained by this me-
thed does not agree with that obtained by Blrnie's process.
Though they have the same general appearance, there are some
numerical dlscrepancles, and it remains to be seen which comes

nearer to the truth as verified by experiment.
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III. The Weight Of Such Calculations To Be Verified By Experiment.

After having got the formulae which expressed the relations
of ghstfesa to that of im%train or allowance, it remains to be
seen how such relations can be verified by experiment. A straight
cylindrical shaft cannot be pushed into a straight hole of a hub.
It will abrade the metal. So & taper pin with tapering point
+06" per foot was selected and a special reamer having the same
taper, i.e. 06" per foot, and having the smaller end 1.5" and
6" in length was ordered.

The plan of procedure was this, that 6 cast iron hubs 4" in
length and external diameter varying from 23" to 5" increasing
by 1/2", i.e. 24", 3", 33", 4", 44", and 5"} so that the thick-
ness of the metalfincreases by 1/4 of an inch. These hubs had
to be reamed after boring a taper hole with the said reamer.
This would give to the hole tapering .06" per ft. having the
diameter of the smaller end l%“,

Next a pin of tool steel 12" long had to be hardened in wa-
ter from a temperature of 1325O F. and tempered in oil after
raising it to a temperature of 415 F. so as to impart some
tensil strength to the pin. This piece was ground to give a
taper of .06" per ft. having the smaller end a diameter of 1.5".
Sc that when the pin was put into the hole of the hub, it came
in flush with the smaller end of the hub and bore perfectly well
in the hﬁb at all points. Thus, when we should push the pin into
the hub it should have the same aliowance throughout. Knowing

the penetration at the moment of = start and at breaking, we should
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be able to calculate the allowance. As the tensil strength
in that formula is expressed in terms of allowance and known
constants, we shall be able to figure out the tensil strength
at breaking.

The preparation of the hubs -

The hubs were cast (Cast Iron)
with a core of 14" diameter and having diameters 1/4" larger
than given diameters and length 4%". The first put into a chuck
and bored 1-3/8" diameter and then put into a mandrel finishing
outside; again put into the chuck and bored to the taver hole

and afterwards reamed to the above taper.

IV. Experiment Proper.

The object of the experiment is to determine the allowance
at which the pieces would burst. To do this we must know the
penetration. So, I had to count the gear ratio of the Oilson
machine from which the penetration per turn of the wheel was
determined; and then,knowing the number of turns the wheel
took from ths start to the breaking point, I got the penetra-
tion.

It was a compression test. The plece was put on a platform
with a central hﬁle to allow the penetrated portion of the hin
to pass through. Then the pin was put into the hub and the
machine was loaded. When the load on the machine was about 500#
or 600# we started to count the rsvolutions of the wheel and
finished counting when the pin cracked. The first pin cracked

three hubs of a smaller diameters but it passed through the fourth



plece, s0 a new pin of 20" in length with same taper was made.

This pin cracked the rest of the pisces.

/.

Tensil. Specimens.

The calculated tensil. strength of the first broken
plece from the formula gave toc high & value so that the brok-
en piece was cut open and four test specimens were prepared
from it. Two of them were tried for direct tension only, and
after a while it was determined to try the modulous of elas-
ticity.

Of the two pieces where modolous of elasticity was to be
determined, first piece was tried with : micromester up to
4,500 load and then I used Berry to measure the extension up
to the breaking load. In the second piece I u=ad Berry all
along up to the breaking point.

The second piece had some blow heles. It broke at about
5,800 1lb. load, while the first plece broke at 6,500 1b. load.
Now it was left which was to be taken sz the modolous of elas-
ticity. 1If extension at the earlier part of the load be taken,
it would give a modolous of elasticity about 8,000,000 per sq.
inge, While the reading from the latter portion would give only
about 37,000 per s¢. in. So it was decided to take the entire
extension and entire load producing that smtension. The modolous
of elasticity determined from the#evalues gave 1,880,000, This
value of Eh is used in calculating the fibre stress.

The other piece with blow holes gave for Ey 2,900000 per sq.
in., but as it broke earlier without reaching its maximum strength

it was not taken to calculate the fibre stress of the pleces.
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Fach of these specimens were 4" in length with narrow sectien
about .78"in diameter. The first two pieces were tried for di-
rect tension and readings ' of :load were taken at breaking point.
This gave for the tensilsesx strength of the pieces 14,600 per sq.
in. The other two pleces, also, gave the same strength but
here the readings of extension and load were taken throughout
the entire range. The length between the clamps was 2%,

N. B. Piece A in which the extensions were read with the
micrometer was released of the load, wvhen the load
reached 4,500#, to take the micrometer out, as it
was thought not safe to go bevond that load with
micrometer on. This brought about a settled state
to the piece so that when it was re-loaded to 4,500#
it did not show the same exkension as before from
4,500# to 5,0004#. For this point I took the exten-
sion of the other piece which wae read with Berry
all along from start to finish and which checked

well with other readings.
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VIi. Piscussion and Conclusion.

An exact agreement between the culculut?ie value based on
the deduction from formula and the value obtained from test
cannot be expected. The closer the one value approaches the
other, the better is the soundness of such a formula, and
more perfect is the experimental datas. Experimental datas
are often vitiated by personal error and instrumental defic-
iencies. On the other hand, mathematical formulae are de=-
duced based on some kind of hypothesis. The more perfect
is the hypothesis and less is the assumption for simplifi-
cation, the better is the result. But tw much refinement
is not possible, for the arduous task of simplification be-
comes =¢ heavy as te make it impossible to arrive at a defi-
nite conclusion.

In order to find a relation between strain and stress,
it is assumed,lst, that strain obeys Hook's law, 1.e. strain
is proportional to stress or linear function of the strees,-
This signifies that strain is so small that square, product
and cubes of strain can be neglected; 2nd, the effect of
temperature due to loading is so small as to be neglected; 3rd,
that  there is no permanent set, i.e. the body returns to its
former estate as soon as the load is removed.

In our case, the materials tested are cast iron and steel.
Cast iron is a metal which hardly obeys Hook's law. Of course,
the effect of temperature is small enough to he neglected. Be-

sides, in cast iron, any appreciable load always produces a per-
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manent set. It has no elastic limit and its modolous of elastdcity
is not a fixed guantity within any apprecisble range. Pesides, in
our calculation we took for the modolous of elasticity of that
hardened and tempered steel pin to be 32,000,000. As the tensil
strength in the formula is the direct product of this quantity,
any error in this assumption would affect the calculati%% value
of the tensil strength of the cast iron plece tested. As for
modolous of elasticity of cast iron, we tested a specimen pre-
pared from the broken plece and determined the modolous of elas-
ticity from the entire elongation produced in this piece by the
load from initial to the breaking point. This, of course, is a
rough method of handling the difficultﬁswe are confronted with.
For the value of Ep is very small as the piece approaches the
breaking load. With all these simplifications and approxima-
tions, we can hardly expect that the result of our test would
agree perfectly well with the value cbtained by calculation from
the formulae and which are supposed to represent such values.

A glance at the values calculated from the formula (1) by
Birnig,and (2) that was: deduced from working on Love's theory
of elasticity, will show that they came pretty close to actually
tested specimens.

For reference, I am giving those values again here:
Specimen No. 1 2 3 4 5 6
Thickness of

metal 3 10 oo 14 14 1
Tensil strength ,

per 8q. in.

1 (Birnie) 20200 20500 34000 29400 45000 47000
2d Forrula 18500 18200 28800 22500 36500 37800



37

Actual tensil strength of cast iron as determined by direct ten-
sion is 14,600 per sq. in. This specimen was prepared from the
broken hub, consequently cannot bhe expected tc heve as much
strength as the original metal. Sc it seems that the calculated
tensll strengtlsfrom the formulae are not very badly off from
what is obtained by actual experiment.

The gradual rise of the tensil strength at breaking load
with thicker metal is due to the fact that low rectangular
beam sections rupture at a much lower apparent fibre stress
than do high ones. This was proved by actual experiment and
given in our notes in llachine Dasign, |'Ag rectangles increase
in height the tensil strength has to be multiplied by a series
of factors varying from 1 to 2 in the case of low to high rect-
angle to get the modolous of rupture. This is practically veri-
fied here, too, though the values from Birnie's formula vary from
20,200 to 47,000, slightly greater than double; the cther formula
gave the value in case of thick pilece exactly double the thinner
one.

Comparison of the results as calculated upon the two formulae
with the same data shows that the values obtainzd from the second
formula agrees more nearly with the truth of actually tested re-
sults than that of Birnie.

The cause of the difference of the two results, due most
probably to the manner of simplifying’ the eguation of equili-
brium . In Birnie's formula it was started with the assumption

that s;mg of the hoop tension and radial tensionwss constant, and
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the equation was simplified from that assumption. Besides, in

Cz
Equation No. 3 . R (in Merriman) which ought to
x a
C2
be Rp = C1 +£é—_ as was pointed out during the working out of

the formula. Love made no such assumption; he first got the
equation of equilibrium for all cases and that equation of
equilibrium was applied to suilt this case. This probably ac-
counts for the difference of results from the two formulae.

It is therefore impossible to say which formula is the better;
the number of experiments made were only 8ix. From all these,
though the second formula seems to give a better result, it
rests with after-experiments that are to be made to give a bet-

ter verdict.
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