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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL MEMORANDUM NO., 1057

RESEARCHES ON THE PISTON RING*

By Keikiti Ebihara
I. INTRODUCTION

In internal combustion engines, steam engines,
air compressors, and so forth, the piston ring plays an
important role. ZEspecially, the recent development of
Diesel engines which require a high compression pressure
for their working, makes, nowadays, the packing action
of the piston ring far more important than ever.

Though a number of papers have been published in
regard to researches on the problem of the piston ring,
none has yet dealt with an exact measurement of pressure
exerted on the cylinder wall at any given point of the
ring. The only paper that can be traced on this subject
so far is Mr. Nakagawa's report (reference 1) on the
determination of the relative distribution of pressure
on the cylinder wall, but the measuring method adopted
therein appears to need further consideration.

o exact idea has yet been obtained as to how the
obturation of gas between the piston and cylinder, the
frictional resistance of the piston, and the wear of the
cylinder wall are affected by the intensity and the dis-
tribution of the radial pressure of the piston ring.
Conseguently, the author has endeavored, by employing an
apparatus of his own invention, to get an exact determi-
nation of the pressure distribution of the piston ring.
By means of a newly devised ring tester, to which piezo-
electricity of quartz was applied, the distribution of
the radial pressure of many sample rings on the market
was accurately determined.

Since many famous piston rings show very irregular
pressure distribution, the authoc investigated and
achieved a manufacturlng process of the piston ring which
will exert uniform pressure on the cylinder wall.

*The 31st Rep. of Okochi Res. Lab.; Scien. Papers of the
Inst. of Phys. and Chem. Res. (Tokyo), vol. 10, no. 182,
Feb. 25, 1929, pp. 107-185,
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Temperature effects on the configuration and on the
mean spring power have also been studied.

Further, the tests were performed to ascertain how
the gas tightness of the piston ring may be affected by
the number or spring power.

The researches as to the frictional resistance be-
tween the piston ring and the cylinder wall were carried
out out,too.

The procedure of study, and experiments conducted
by the author, on this subject will be fully described in
the following paragraphs.

IT. MEASURING DEVICES

1. Mechanical Device

Mechanical methods were first resorted to and corre-
sponding devices introduced, as shown in figures 1 and 2.
In figure 1, a ring 2 was compressed by applying external
forces on its peripheral surface radially by means of
bell cranks 3, the diameter of the ring being exactly
equal to the inner diameter of the cylinder. The pres-

‘sure can. be calculated from the readings of the weights

hanging at the ends of bell cranks.

In the same year when the author contrived the appa-
ratus above-mentioned, a piston ring tester similar %o
that of the author was published in a German patent (ref-
erence 2); this is very interesting and at the same time
an accidental coincidence. The results of experiments,
however, showed that it is almost impossible to determine
exactly the pressure distribution of the piston ring on
the cylinder wall by means of such a device. TFor, to
determine the pressure distribution of the piston ring,
the eguilibrium should be attained between the welghts
hanging on the bell cranks and the spring power of the
piston ring, and at the same time, the inner faces of
steel balls 1 attached to the lower ends of all the bell
cranks must be exactly equal to the inner diameter of the
cylinder wall., If the weights are adjusted so as to make
the top of bell cranks agree with the cylinder diameter,
the equilibrium will be disturbed and all bell cranks will
be displaced slightly. Since the same thing will take place in all
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the other bell cranks when adjusted, the adjustment of
all the bell cranks can hardly be finishéd up in practice.
Moreover, the frictional resistance between the ring sur-
face and the ends of bell cranks, caused by the sliding
of the ring during the operation, cannot be neglected.

In figure 2, a circular hole is made in a cast iron cir-
cular disk 1, its inner diameter being egqual to that of
the cylinder. After putting the ring 2 to be examined
into the bore of the disk, an external force is applied
by a segmental block 3. Any slight deflection of the
ring is observed by the rotation of a small mirror 4. In
case when the ring exactly coincides.with the inner sur-
face of the disk, the ‘pressure of a spring 5 is equal to
the normal pressure exerted by the arc length 3' 3" of
the ring. 3By continuing the same method in succession by
rotating the ring, the pressure distribution on the cyl-
inder wall can be determined. The result, however, is
not fully satisfactory owing to the inaccuracy of the
measurement due to the enormous friction between the ring
and the cylinder wall. From these experiments it can be
seen that the piston ring tester should be so designed as
to fulfill the following requirements in order to get the
correct figures.

(a) The pressure measurement of the rings must be
done under the condition entirely free from friction be-
tween the ring surface and the cylinder wall; hence,
sliding the piston ring along the verivheral surface of
the cylinder wall while measuring the pressure of the
ring must be avoided.

(b) The inner surface of the testing apparatus must
be so accurately machined as to form an exact right cylin-
drical surface of a given diameter. If there exlists any
irregularity of the surface, however slight, the pressure
distribution will be affected accordingly, so it is dis-
advantageous to use many pressure gages or bell cranks as
shown in figure 1.

(¢) Even when only one pressure gage is used as shown
in figure 2, it does not give any satisfactory result, if
the pressure gage is flexible and the pressure intensity
is estimated under a large quantity of strain.
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2. Piezo-Blectric Device

Cousidering that the mechanilical methods do not wvery
well satisfy above conditions, the author has attempted
for the study of this subject to utilize piezo-electricity.

The principle of the measuring device is diagrammat-
ically shown in figure 3 in which T 1is the ring tester,
and E an electrometer charged by batteries B for
measuring the statical electricity produced in the tester
T having a bore of exactly the same diameter as the
engine cylinder in which the ring under test is set to
work. A segment 3 is cut away from the wall of the
tester and is supported by two disks 4 of piezo-electric
crystals, so that the pressure on the segment exerted by
the ring 2 is transmitted to the crystals and causes
piego-electricity in them. The amount of this electric
charge, which is proportional to the change of applied
pressure, is measured by the electrometer K. If the seg-
mental surface exactly coincides with the surface of the
bore as snown in the figure and the ring is turned through
an angle ©® successively after each measurement, the
pressure distribution of the ring on the cylinder wall may
be accurately determined. The calibration of the charge
of the piezo-electricity is done simply by applying a
known pressure on the gaid segment, for instance, by hang-
ing a weight at one end of a bell crank and pushing the
segment at its other end.

3. A Piston-Ring Tester of Type I (Chuck Type)

FPigure 4 represents an apparatus of type I for deter-
mining the pressure distribution of the piston ring; 1 is
a thick steel or cast iromn plate, having its inner bore
well machined and finished by a grinder to the diameter
identical with the inner diameter of the c¢ylinder in which
the ring is to be placed for use; 2 is a viston ring to be
tested; 3 is a piece taken from the cut 3' 3" in the
steel plate 1; 4 are two quartz crystals, each being 3.5
centimeters in diameter and 1.2 centimeters in thickness,
between which a thin copper plate is inserted so as to
lead the electric charge produced on their surfaces; 5 are
thin steel disks and 3, 4, and 5 are tightly held by four
bolts 7 to the steel plate 1, so that the crystals are
initially compressed under a certain pressure. After the
quartz crystals have been fixed rigidly to the steel plate
l, the inner walls both of the bore and of the segmental
block 3 are turned and finished at the same time by the
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grinder. The inmer .surface of- the. segmental .bloek 3,
therefore, coincides so accurately with the surface of

the cylinder wall that it can be regarded as one part

of the cylinder wall, there being no discontinuity along
the inner surface of the segmental block and the cylinder
wall.,” Now, if there is inserted a standard ring, which
was specially finished to obtain a very good contact with
the ecylinder wall of true circular form, and it is illum-
inated by a small electric lamp from its under surface,

no discontinuity will be observed along the inner surface.
One example .0of the measures of the bore in all directions
is D = 127.08 millimeters *0.008 millimeter, irregularity
of diameters being very small. Thus the radial pressure
on the segment 3 exerted by the arc element of the ring

3Y 3% igs completely borre by the crystals. Eight are
hemp or copper strips, all of which are used to chuck the
ring lightly toward the radial direction to keep the ring
from dislocation.* The phenomenon of dislocation of the
ring will be fully explained later. One of the strips 8

-is used to set the ring free from the block 3 so as to

unload the crystals, and the change of pressure on the
crystals is measured bv the amount of the electric charge.

4. A Piston-Ring Tester of Type II (Stroke Type)

The piston-ring tester of type I mentioned above
must ‘be so improved as to fulfill practical demands. Fig-—
ure 5 shows the improved ring tester of the so-called
stroke type; 1 ie a cast iron cylinder in which the ring
is inserted; 2 1s the piston ring to be tested; 3' is a
rectangular hole made in one part of the cylinder wall 1
and the two edges of the hole subtend an angle ® at the
axis of the cylinder, ¢ being 15°%0 30° according to
the diameters of the ring. A thin copper plate is insert-
ed between the guartz plates 4 to be conngcted with the
above terminal 6 which is perfectly insulated by ambroid;
7 is a cast iron box in which the quartz plates are kept
and sealed so as to be protected from electromagnetic
disturbances. A pipe connects the box 7 with a desiccator,

* by means of which the air-in the box is kept perfectly dry,

thus preventing any lecakage of piezo-electricity. Quarts
crystals in the box are put under a certain initial pres-
sure by means of a serew 5;:ahd sich a specially construct-
ed pilczo-clectric pr@ésure gage is'atﬁaghed'rigidly to the

*The word "djislocation" is used-to mean the state of a pis-
ton ring being fitted into a cylinder wall and subjected to
the disturbance upon the radial. pressure distribution caused
bylihe friction between the ring surface and the cylinder
wall,
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ecylinder wall 1. After the piezo~electric pressure gage
is attached to the cylinder, the inner wall is finished

by the grinder as explained in the description of the ring
tester of type I. A piston 10 can be reciprocated up and

‘down by a handle 13 and the piston ring to be tested is

put in it in the same state as if it were inserted in the
actual piston groove. When the piston ring comes Just,
upan the segment 3 the ring pressure is transmitted to the
piego-electric crystals. At the top end of cylinder. 1

_there is a closed ring 1l in which the piston ring may be

caught and rotated through any desired angle; 12 is a bell
crank used to calibrate the piezo-electric pressure gage,
and the electrometer, by known weights.

Figure 6 shows the photograph of the ring tester of
type II of a large diameter, in which the piston 10 goes
up and down by screw drive, the other parts being nearly
the same as mentioned above,.

Thus, the author was able to avoid the various trou-
bles usually accompanying the plezo-electric pressure gage
by improvements in its construction, and also the disturb-
ing effect on the radial pressure distribution due to the
tangential friction between the ring surface and the cyl-
inder wall.

A Pigton-Ring Tester of Type III (Variable Diameter Type)

Since the above-mentioned ring testers have each a
definite diameter, the piezo-electric presstre gage being
fixed into the cylinder wall, there can be examined by the
respective ring tester the piston ring of the same diam-
eter only and no other rings of Aifferent diameters. 3So,
the author designed a ring tester in which the cylinders
of various sizes can be put and the piston rings of the
corresponding diameters tested. TFigure 7 shows the piston-
ring tester of variable diameter type. A cylinder 1 of
desired diameter is put concentric with a shallow cylinder,
the upper part of the mother body 1', in which a piston
ring to be tested is introduced. On the arm of the mother
body 1! a cylindrical guide 5' is fixed, its central axis
being directed perpendicular to the central axis of the
mother body. -The piezo-electric pressure gage can travel
along the cylindrical gulde 5' and is able to be fixed at
any desired position by means of a fine adjusting screw.
The curvature of the inner surfaece of the segmental bdblock
3, the top of the piezo-electric pressure gage, coincides
with the arc of the piston ring of the largest diameter to
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wall,.- -As many piston rings,
thick as to be inflexidble,
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In the case of smaller rings, only one part
of the arc coincides with the inner surface of the cylinder
are sufficiently

however,:
the errors of .the pressure in-

tensity due to a partial coincidence of the inner surface
of the segmental block with the cylinder.wall will be so
small as t0o be negligible.

IIT.

DETERMINATION OF THE PRESSURE DISTRIBUTION

The results of measurements concerning the pressure
distribution of many kinds of piston rings carried out by
the piezo-electric piston-ring testers are to be summed
up as follows:

1.

Specifications of Sample Rings

The specifications of piston rings examined are gliven

in tavle I,

and the ring testers used,

TABLE I.- SPECIFICATION OF SAMPLE RINGS NOS. 1 to 13

in table II.

Diam. of |Thickness |
No. of cylinder (mean) Breadth |Form of Remarks Manufac-
rings D (cm) t (em) b (em) |gap ends turer
1 12.70 0.406 0.793 | Stepped | Inner side is P.R. Co.
left as cast (U.s.A.)
2 12.70 iy 793 | =~do=== | ==dO=—=mmmmmm De.
3 12.70 .4o7 .79% | ——do-—— | —~Q0=m—mmmmem Do.
L 12.70 piMTy 600 | ——do=—= | ~—dom—mmmmam M. & H. Co.
(U.s8.A.)
.220 Diagonal| Beeentric I.P.C.R.
2 12.70 .50%2 -198 (45°) type (for trial)
5t g.85 2603 283 | —e@0mmm | —m@Ommmm e Air-brake Co.
561/
. . . ——do——— | 81 type | ,I.P.C.R,
6 12.70 460 798 do implest typ B CR
7 12.70 .392 .793 | Stepped | Inner side is Do.
left as cast
g 12.70 32 .397 | Straight| ——do—————m—mm Do.
9 12,70 .389 2397 | —~do————| ——~do—mm———m Do.
10 12.70 e 9 | ——do——mme| o e Do. -
11 8.89 .315 .635 | Diagonall| Imner side is | Brico
‘ (E50) %ammere@d ) (?n%l%n%)
. 1 Inner side is .P.C.R.
18 1200 376 0 Stepped left as cast (for trial)
13 58.90 1.57 1.90 Diagonal Do.
(459)

(Specimens are all virgin

rings of

cast iron except No. 5'.)
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TABLE II,- KINDS OF RING TESTERS

Ring tester Type 2;??&3:5 o
D (em) (deg)

No. 1 I (o01d) 12.70 28

No. 2 I (o01d) 8.89 20

No. 3 II (new) 58.90 15

No. 4 II (new) 15.00 20

No. 5 II (new) 8.85 20

2. Method of Observations

General arrangements of a ring tester, an electrom-

eter, and batteries are shown in figure 8; T 1is the
piston-ring tester, E is Shimizu's sensitive electrom-
eter, and B is a group of storage batteries. The

gsilvered guartz fiber of the electrometer is charged with
100 teo 150 volts, one of the poles being grounded and the
other counnected to the piezo-electric pressure gage of
the ring tester. To avoid electro-magnetic induction,
the apparatus and lead wires are shielded in iron boxes
and pipes L. To determine the pressure distridbution,
the ring is oiled on its outer surface and inserted in the
ring tester. Dislocation of the ring owing to the fric-
tion between the cylinder wall is adjusted by pulling
lightly the hemp strips as in the case of the ring tester
of type I, or by reciprocating the piston up and down as
in the case of type II. Next, the zero-point of the
needle of the electrometer is fixed, the residual charge
of the quartgz being grounded; then the ring is separated
or slid awvay from the segmental blecck 3, and the de-
flection of the needle read. It does not matter how the
pressure is taken off the quartz crystals, whether suddenly
or slowly, the results being always independent of the
manner of treatment. If the sensitivity of the electrom-
eter is known, which can be calibrated by loading or un-
loading known weights on or off the quartz crystals by
means of a bell crank, the amount of the total force F
exerted by the ring over the fixed arc length can be
obtained. ZExamples of calibraticn curves are shown in
figure 9, they being nearly straight. It has been con-
firmed by a series of careful examinations that such a
simple treatment as using hemp strip or as reciprocating
the piston 1s quite satisfactory for destroying the dis-
location of the ring and for fitting it freely to the
inner surface of the cylinder.
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Let R and b ©be the inner radius of the cylinder
and the breadth of the ring, respectively; then the
following relation can be obtained, assuming the inten-
sity. of radial pressure p; on the arc BR® to be
constant,

/2

= ZbRIpe cos B dp = 2bRp sin%, or P o= —m (1)

2bR sin 2
2

Then the intensity of pressure along the circumference of
the ring is to be calculated from the observed value of F,

3. The Pressure Distribution in Many Sample Rings

Nos. 1 to 3 in table I, are all virgin rings to be
used in Diesel or petrol engines, manufactured by the
Piston Ring Co., U.S.A. As shown in figures 10 to 12 and
tables III to0o V, all of them show three maximum pressures:
namely, one at the gap end and the other two at approxi-
mately 120° from the gap end. It will also be noted that
there are three minimums nearly opposite to the maximums,
the pressure distributiions being pretty irregular. Tests
of many other sample pieces manufactured by the same com-
pany showed a similar configuravion of the pressure dis-
tribution. The manufacturing process of these rings is
not known, but it may be nobticeable that the inner side
of the ring is left as cast and the structure of material
is very fine, so that the elasticity and the mean spring
power of these rings are very high.

No. 4 is a ring manufactured by M. & H. Piston Ring

Co., U.S5.A, Its sectional view is as shown in figure 13',
a steel band being put in the groove to exert side pres-
sure on the piston groove. The pressure distribution of

this ring, as shown in figure 13 and table VI, is very
irregular, and at the gap ends the pressure intensity is
especially large.

A ring Yo. 5 is an eccentric ring, of which the
thickness is 2.20 millimeters at the gap ends and 5.03
millimeters at the opposite side. Now, according to the
theory of elasticity (reference 3), the thickness at the
gap ends of an eccentric ring must vanish in order to
exert uniform pressvre on the cylinder wall, but such a
ring will be impossible to be used. The pressure dis-
tribution of the ring No. 5 is very far from being
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uniform as shown in figure 14 and tadble VII. Of course,

if the thickness and gap length of the ring were made less,
the distribution of the pressure would be more improved;
but, at any rate, it would not become uniform:. As a prac-
tical example, such an eccentric ring as No. 5 had been
used in the air brake of the locomotive and there was ob-
served a considerable wear on the two sides of the ring
near its gap ends. So, the maker tried to change his
manufacturing process by turning off those side parts of
the ring much more, but the fitting of the ring to the
ecylinder wall was not improved. Hence, the author measured
its pressure distribution of the ring thus treated by his
ring tester, the result of which igs shown in figure 15.

The pressure exists only at the gap ends and at the oppo-
site side, the lateral parts not being in contact with the
wall. In short, the treating of an eccentric ring in such
a manner 1s not good in practice.

Moreover, there is another defect with an eccentric
ring: permanent set or breakdown would offen occur when
it is put into the piston groove owing to a large thick-
ness of the opposite side of the gap and the resulting

inflexibility. For a practical example, the bronze eccen-
tric rings, as No. 5', are used in the air brake of the
locomotive at present, and permanent set or breakdown
often occurs, when they are put into the piston. The con-

clusion is inevitable that the eccentric type of the piston
ring should be improved in form and not in the quality of
material used.

Mo. 6 is a ring manufactured by the simplest method;
a number of rings are cut off from a cast iron pipe of a
proper cylindrical cross section, the diameter of the pipe
being somewhat larger than the inner diameter of the cyl-
inder, and a proper gap is made for each ring to obtain
the spring action. The ring thus made has a true circular
form in its free state; then, if.&6 is put into the cyl-
inder, its gap ends will become discontinuous and point
sharply. The pressure distribution for this ring is the
worst, as seen iIn figure 16 and table VIII; an encormously
intense pressure is presented on the gap ends and the
pressure on the opposite side is irregularly distributed.
On both sides of the gap ends there exist considerable
clearances which will allow free passage of the high pres-
sure gas or steam in running state. Of course, if the
gap length and the thickness of the ring is made smaller,
the irregularity of the pressure distribution will be
reduced. Such an irregular pressure distribution is not
only bad for the packing of a high pressure gas, but also
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for the abrasion of the cylinder wall. Somethlné about
the local abrasion of the cylinder wall will be remarked
later on in this paper. Nowadays, :the ring of this sort

is still used in marine and land engines, only because
its manufacturing process is the simplest and its cost 1is
the cheapest; notwithstanding, .it must be an urgent prod-
lem to improve it.

No.. 7 1is a ring manufactured by a new process in the
I.P.C.R. laboratory. The outer surface was turned and
finished by the grinder with the gap ends kept clamped
tangentially by a small pin. If a ring is finished 1in
its outer surface by the new process, it will exert nearly
uniform pressure on the cylinder wall., Filgure 17 and
table IX show the pressure distridbution of the newly man-
ufactured ring. Distinct improvements will be observed
there, when compared with ordinary ones described before.

The rings Nog. B8 and 9 are reduced in their breadths
Just to half of those made by the Piston Ring Co. The
pressure distributions of these rings,shown in figure 18
and tables X and XI, are similar to those in the rings
Nos. 1 %0 3. ¥ow, by combining such rings so as to muftu~-
ally cancel the irregular parts of the pressure distridu-
tion, there is made the so-called compound ring as No. 10;
and the pressure distribution in such a compound ring is
very much equaligzed,as shown in figure 18 and table XII,.
% is worth while to remark that the resultant pressure of
the compound ring measured actually, cocincides exactly
with the sum of the pressure intensities in the two rings.
The compound ring has excellent propertises, but it costs
so high that it is only used for a special purpose.

The ring No. 11 is a Brico hammered ring made in
England, and its pressure distribution, shown in figure 19
and table XIII, is very similar to that of the ring No. 4.
In several other Brico hammered rings of different siges,
the pressure distribution is also irregular and the intense
pressure acts at the gap ends. Any other kind of hammered
rings examined has been found not to exert uniform pressure
on the cylinder wall; especially, for those having the
siepped gap ends the pressure distribution is very irreg-
ular. .

No. 12 is a ring for the airplane eng;ne manufactured
by the author's process similar to the ring No. 7 but not
finished by the grinder, its mean spring power being very

weak. Therefore, its pressure distribution, as shown in
figure 20 and table XIV, ig not uniform as that of the
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ring No. 7. ¥o. 13 is a ring for a locomotive engine,
having a very large diameter. Its pressure distribution
is pretty irregular, as shown in figure 21 and table XV;
the intense pressure acts near the gap ends and the oppo-
site sides, both of the other sides suffering no pressure.

Next, the rings Nos. 1 and 7 were put into the cyl-
inder of the diameter of 127.0 millimeters and annealed
in the electric furnace for 10 hours at 300° C. The
pressure digbtribution of these annealed rings was measured
and is shown in figures 22, 23, and tables XXVI (XXVI'),
(XXVIII), respectively. It is worth while to remark, that
when the ring is annealed in the compressed state in the
cylinder, its mean spring power becomes weak, dbut the con-
figuration of the pressure distribution remains nearly
unaltered similar to that of the virgin ring. ZEven if the
annealing temperature becomes higher, say 500° C, the sim-~
ilarity is still maintained, and further, it may be said
that the irregularity of the pressure distribution of the
ring would not be altered greatly by annealing it in the
running state of engines, .

From the experiments previously described, it becomes
clear that there i1s surprisingly a wide range in pressure
irregularity, which is of course an undesirable condition
for the efficiency and maintenance of the engine. ZEspeci-
ally, the pressure distribution in the ring of an eccentric
type or in the ring as No. 6 made by the simplest process,
is the worst; besides, the hammered ring seemg not so good
as expected. Only the ring No. 7 manufactured by the new
process exerts nearly uniform pressure on the cylinder wall.
The mean spring power of many sample rings im 0.3 to 1.0
kilograms per square centimeter according to the kind of
engines.

IV, DISCUSSION OF THE RESULTS QOF MEASUREMENTS

1. Calculation of the Bending Moment

As previously described, the pressure distribution
of the piston ring on the cylinder wall was determined by
the ring tester, in which piezo-electricity of quartz was
applied. The author intended to examine whether or not
the results of measurements were correct.

In the case when the piston ring is put into the cyl-
inder or the ring tester, the bending moment at any
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il s :

section of the ring 18 to.be cﬁlcﬁléted'bytthp Yoilowing
formulas: - S : .

- .

= 1)\ b (5.1
My = {EI (s F>};- {%— (s p>}e-' (2)

)
My = bR [p sin (8 - ®)do (3)

where M 1s the bending moment, E Young's madulus, 5L

the variation of curvature of the ring, t the radial
thickness, b the breadth, R the radius of the cylinder,
p the pressure intensity as measured by the ring tester,
and 6 the angular distance measured from the gap ends.

The bending moment at any section of the piston ring
within the cylinder is to bhe independently calculated
elther by the varilation of curvature or by the pressure
distribution diagram, using the formula (2) or (3),

Supposing p to be constant in the formula (3),
there is obtained :

Mp = prg (1 -~ cos 8) (4)

In this case, the piston ring exerts perfectly uniform
radial pressure nn the cylinder wall, which i1s an ideal
case.

To examine the experimental results, the variations
of bending moment calculated by the formulas (2) and (3)
with those for the ideal case were compared. Tpe ratio

MG/Mn was taken in ‘the compariscdn, in order to simplify
the value and also t9 eliminate unknown elastic constant
E, where M, represents the bending moment of the ring
section opposite the gap.

2. Bending Moment Obtained fr9m>thefvariafiqn of Curvature

For the c¢alculation of the bending mement of ring by
means of the formula (2), the curvatures of the piston
ring both in its free and compressed states must be
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measured . Buat, if the peripheral surface of the ring -
entirely fits well to the cylinder wall when it is com— .
pressed in the cylinder, the curvature of the ring is
constant everywhere. . Thus, the bending moment will be
obtained by measuring ‘the -curvature of the ring only in
its free state.-

The measuring apparatus of the curvature of the ring
at free state is as shown in figure 24; a piston ring 2
is put withln a groove of a ring holder 1 and is fixed by
clamps 3. A mirror holder 4, which stands on three equi-
distant knife-edges of--equal heights, is mounted on the
ring surface.

The central knife -edge is magnetized by an electro-
magnet 5 to prevent a slip when the mirror holder is
tilted through an angle a; 6 is a small mirrer and the
anmount of tilt of the.mirror holder is measured by a
method of the optical lever. In the actual case the
distances betweén fthe knife. edges of the mirror holder
are 6,004 and 6.002 millimeters, respectively, and the
width of the holder was 10 millimetebls. If the angle o
is determined, the curvature l/p of the corresponding
rart is to be evaluated by the formula (5)

e

(5)

If the curvature of the ring at its free state is thus
determined along its entire surface, the variation of the
curvature at any ' part and the correspondlng bending
moment can be calculated.

As‘the:rings No. 7% and 1" become truly circular at
their outer surfaceg when they are prt in the cylinder,
the initial curvatures.of these rings was measured, and
the bending moment along the entire circumference was
calculated when they were bent to the circle of the
cylinder. In table XVI, the third and fourth columns
show the values Me/MTr of these rings, respectively,

and in figures 25a and 25b these are shown graphically
with marks (o), On the other hand, consider the case of
the ideal piston ring whi¢h would exert uniform pressure
p on the cylinder wall. The .bending moment at any
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‘section is calculated by the fofmula (4) and the value

of CEQ}- is shown in the second c¢olumn in table XVI,

and the chain lines in 25 a, b, and ¢ show the varia-

tion of { }

Comparing the ideal case with that of the ring No. 71",
which exerts-nearly uniform pressure on the cylinder wall
as shown in figure 23, it is seen that the value of Mg/M_
almost coincides in both cases as in figure 25a. Precisely
speaking, both results colncide better within an interval

= 0=, while they deviate slightly within the interval
@ = m~2n. Referring to figure 23, the pressure distribu-

tion diagram in the interval 6 = O~m, the pressure 1is
nearly constant, but there exist some irregularities in the
interval € = ma~ 27, thus presenting the similar charac-

teristics as the former.

In case of the ring No. 1", the value Mp/M; does

not coincide with that of the ideal ring, much irregular-
ity being observed in figure 25b; then it is seen that the
curve form of this ring at the free state differs from the
ideal one remarkably.

3. Bending Moment Obtained from the Pressure
Distribution Diagran

Next, examine the variation of bending moment of the
ring obtalned from the ‘pressure distribution diagram by
u51ng the formula (3). To calculate the value

£ “p sin (é—@)d@, the method ¢of graphical .integration was

resorted to - that is, putting 6 = 6,, say, 6, = 20°,

40° , . . m; and plotting the value of p sin (0-0)
against the base of "®, there is obtained:-the curve shown
in figure 25'. When the area of this curve between the
limits by the planimeter is measured, the value

B .

£ p sin (6-P)d® can.be 6btainsed. Hence, M, of the
ring at any angle 6 can be found by the formula (3) and
consequently Me/Mﬁ is known. The bending moment for
the ring No. 1" from the pressure distribution diagram
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shown in figure 22 wasg calculated by the graphical method,
and the calculated values Me/M are given in the fifth
column in table XVI, and plotted in figure 25c¢ with marks
X. Comparing this bending moment curve with that of the
jdeal ring, it is seen that the deviations of those two
curves are nearly similar as in the case shown -in figure
25b. By the piezo-electric measurement, the pressure
intensity is taken constant in a comparat1Vely wide range
of the contact arc of the ring, say, o = 28° in the
case of the ring No. 1"; so the deviation of the bending
moment curve calculated thereby from the ideal curve: is
somewhat- smaller 'as shown in figure 25c.

"By these calculatlons of the bending moment from the
variation of curvature or the pressure distribution dia-
gram and the resemblance of two curves 1in figure 25b and
c, it would be understood that the pressure distribution
measured by the. newly devised ring tester gives a correct
figure. .

4. Verification of the Measured Pressure Distribution
Being Free ffom the Frictional Force

Yext, when a piston ring is put in a cylinder, it
must be in an equilibrium under radial pressures and
frictional forces between the ring surface and the cyl-
inder wall. Accordingly, the radial vnressure distribu-
tion of the ring on the cylinder wall may, more or less,
be disturbed by the frictional forces and the ring may
lean to one side. The phenomenon of dislocation of the
ring when its surface is not finished by the grinder and
roughly turned has often been observed. In the mechani-
cal tester shown in figure 1 or 2, the ring must slide
along the circumference of the cylinder wall in order to
be compressed to a fixed diameter. There appear on bell
cranks or pressure gages such great frictional forces
besides the radial pressure of the'ring, that an accurate
measurement of the radial pressure becomes very difficult.
The best method to avolid the dislccation of the ring is to
reciprocate it in direction of the cylinder axis, supply-
ing a rich lubricant between the ring surface and the
cylinder wall. Or, as described in the ring tester of
type I, nearly the samp result  will be obtained by chuck-
ing lightly hemp strips wound on several positlions of the
ring. '
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To examine whether the radial pressure distributions
of the rings Nos. 1", 7", and 12 satisfy the conditions
of equilibrium, a system of rectangular coordinates 1s
taken in the pressure diagram, the center of which coin-
cides with the origin of the coordinates, and calculate X
and y components of radial pressure. Let py and Py

be x and y components, respectively, which can be
easily estimated from the pressure diagram by the graphical

method and then a resultant force D, = J Py t py2 can be

obtained. Valuesof pg, Py, and pgp are shown in table
ZVII; they are all very small and the resultant force pp

is not much more than 3 percent compared with the total
radial pressure distributed on the whole peripheral surface
of the ring. Therefore, it may be said, that the disturb-’
ing effect of the frictional force on the equilibrium of
the ring is very small, and the radial pressures distrib-
uted are nearly in equilidbrium.

5. Some Notes on I.P,C.R, Method of Measur-
ing the Pressure Distribution

In the case where the pressure dittridbution of the
ring is very irregular, the values obtained for the bres-
sure intensity at the part having sharp pressure gradient,
are somewhat inaccurate; because the pressure intensity
was tarsen by assuming the radial pressure Py on the

segmental arc R® to be constant. Also, in the case of
such rings as Nos., B and 6, the values corresponding to

the peak pressure at the gap ends or other parts are un-
reliable on account of the contact area being unknown,

To get rid of these errors the angle ® should be selected
as small as possible, but the measurement will become
thereby difficult.

As regards the mean spring power of the ring, the
usual practice 1s to measure it by compressing the ring
with a flexible band wound about its peripheral surface
until the gap ends are closed. If the tension W of the
band is known, the mean spring power ©ppn, ©If the ring

can be calculated by the formula, .

Prno = W/bR ’ (6)
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The mean spring power Pmno ©f the rings determined

by such a method is shown on the fourth column in table
XVIII, and the values ©pp, measured by the piston ring

tester explained before are on the third column. Compar-
ing the values of pppn with ©Pmneo, it is-seen that the
differences are very small in all cases, being smaller as
the pressure distribution becomes more uniform, When the
ordinary piston ring is compressed by uniform radial nres-—
sures, its outer surface deviates much from a true circle,
being elongated in the direction of the axis through the
gap ends. It may be said that the gap ends of these rings
may be more easily closed under the compression by a flex-
ible band. On the other hand, the rings which exert
nearly uniform pressure on the cylinder wall take approxi-
mately a true circular form under uniform pressure; so

the difference between the values ©pPypy and Ppne 1S

smaller in this case.

V. MANUFACTURING PROCESS OF THE PISTON RING

EXERTING UNIFORM PRESSURE

Tests of many sample pieces of piston rings show that
there is surprisingly a wide range of pressure irregular-
ity which is disadvantagedus not only for the packing
action but also for the abrasion of the cylinder wall. It
there may be found a narrow clearance between the ring sur-
face and the cylinder wall, gas or steam in high pressure
and temperature will freely escape through it; and more-
over, the lubricating o0il will be pumped up into the com-
bustion chamber. In consequence, the incomplete combus-
tion of the lubricating oil happens in the combustion
chamber, on the piston surface, and so forth, resulting in
a very undesirable feature for the engine practice.

Now it seems that the manufacturing processes of the
piston ring in usual practice are imperfect and cannot
make the piston ring of uniform pressure expediently. The
simplest and cheapest method is described before in case
of the ring No. 6, but its pressure distribution, as
shown in figure %6, is the worst. ‘

Next, there is another process in which a large num~
ber of rings, made by the same simplest method, are put
into the cylinder of a moderate diameter and tightened
from both sides of these rings; then, the cylinder is
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removed and they are finlished to thelr outer diameter.
This process is comparatively easy and used very widely,
but in this method, as the ring is finished in the state
excessively compressed in the lateral direction through
the gap ends, the intense pressure is produced at the
gap ends of rings and-at the opposite sides.

The so-called hammered process 1s also used widely
which gives the spring power to the ring dy cold workings,
say hammering, rolling, or scratching. In these.methods,
the curve form of the finished ring changes variously
according to the degree and method of cold workings, to
the kind of material used, to the dimension of rings, and
to the form of gap ends. It may, therefore, be very dif-
ficult to make piston rings which will exert uniform pres-
sure each on the cylinder wall at all times.

Concerning an eccentric ring, a rule about its thick-
ness variation to fulfill the condition, that the ring may
exert uniform pressure on the e¢ylinder wall, is explained
in textbooks. Recently the thickness variation of an
eccentric ring was calculated more accurately by K. Aichi
(reference 4); but after all, the difference of thickness
calculated by his formula from that found by the fore-
geing simple calculation is very small. The eccentric
ring designed theoretically to exert uniform pressure on
the cylinder wall, will not be employed in practice on
account of the variation of thickness being wide in ranges.
And, the eccentric rings used at present, as described
above, have much irregularity in their pressure distridu-
tion.

R. Bennet (reference 5) calculated theoretically the
form of the ring'in its free state, which exerts uniform
pressure on the cylinder wall. The rings are turned out
from a cast iron cylinder under the guide of a templet,
which has a form similar to the ring of uniform pressure
in its free state. These rings were used for the super-
heated steam locomotives of Swedish railways, in which
the rings of the ordinary hammered type were also used.
After running 80,000 kilometers, both the rings and
the cylinders were carefully examined and the Bennet rings
showed exceedingly good results, This manufacturing proc-
eas of the piston ring is too complicated and does not,
admit, it seems, of mass production. Moreover, the uni-
formity and elasticity of ring material are at first
assumed, and then its curve form, thickness, and gap length
are found by theoretical calculations, so that the finished
ring must satisfy these conditions in order to give uniform
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pressure -on the eylinder wall. But, in practice, these
conditions initially expected will not be easily fulfilled
in each piston ring, the permanent set of materials or
other disturbing effects during the turning process being

not small. -

A.Inokuty (refesence 6) studied theoretically the
manufacturing process of the piston ring of uniform pres-
sure and deduced an important principle which runs as

follows.

In figure A,. a2 ring.is compressed by the radial pres-
sure p equally distributed on its peripheral surface.
In figure B, a ring is compressed by tangential forces W

acting at the gap ends.

The bending moment at §,

. B .

in figure 4, Mg = pbRR' ; sin(6-¥)dy = pbRR'(l-cos 6 (a,
o

and in figure B, Mg = Wr = WR' (1-cos 8) (b.

Let W = pbR, the formulas (a) and (b) will exactly
‘coincide; therefore if a piston ring be compressed by any
tangential force W acting at-the gap ends, the result
will be the same as if it were compressed by the radial

pressure D = le equally distributed on its peripheral,

surface. bR
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Inokuty devised a practical method of making a piston
ring of uniform thickness exerting uniform pressure, but
his manufacturing process may be considered somewhat.
complicated.. .

However, this principle is interesting and so impor-
tant that the author applied it to the manufacturing process
of the piston ring of uniform pressure as described ‘herea
after. ' ‘ -

Many other processes have been proposed concerning
the manufacture of piston rings of uniform pressure. In
one of them, a long,hollow cylinder having a necessary gap
igs compressed by a flexible band or rope of sufficient
strength, and after finishing its diameter, an individuwal
ring is to be cut off. In another, a cylindrical blank is
clamped tightly at its gap ends by rivets or bolts and
rings are turned thereof. These processes, however, are
algo imperfect and to be much improved.

Now, what shall be done to make a piston ring of uni-
form pressure? It will be an ideal process to finish a
piston ring in the state compressed by radial pressures
equally distributed on the peripheral surface, but it can
hardly be realigzed in practice. If, however, a ring 1is
tightened only by the tangential forces acting at the gap
ends, the bending moment at any point of the ring will be
the same as when it is compressed by uniformly distributed
radial pressures. This principle was proposed in reference
6, and remarks on such an idea are also to be found in
foreign papers; notwithstanding, no further investigations
for finding an appropriate method applying this principle
have yet been made.

Here, the author tried to find the simplest and best
method to apply this ingenious principle for the manufac-
ture of a piston ring of uniform pressure. Several proec-
esses Tor machining and a large number of trials have been
experimented, In one of them, he clamped the gap ends of
a piston ring by means of a small pin, and fixed the ring
between two flat plates as shown in figure 26. Then, the
ring was turned and finished on its outer surface equal
to the cylinder diameter. In the actual working of this
process, the ring was at first roughly turned and then
released from the side pressure by loosening the clamping.
The object of doing this was that the ring may take a free
curve form with its gap ends clamped, care being taken to
keep the center of the ring from getting out of position
when the ring is released. After this operation the ring
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was agaln moderately clamped and ¥fecefved its finagl finish.
The piston rings manufactured by such a new process* exert
atariy uniform pressure on the cylinder wall, as shown in
the ring No. 7 (fig. 17). Moreover, it was also ascer- -
tained by measurements, that the curve form of this ring

in its free state coincides with that of an ideal ring
which exerts uniform pressure agalnst the cylinder wall.

In this manufacturing process -the ring is finished in
nearly the same state as compressed under uniform radial
pressures; therefore, it is not necessary to make the gap
length and thickness of the ring agree accurately with
dimensions previously determined. As the variation of
thickness is very small and negligible in comparison with
the diameter of the ring, the uniformity of the pressure
distribution is not much disturbed even if the cutside
diameter only is finished. ©So, if the inside of fhe pis-
ton ring 18 to remain as cast, it can be done comparatively._
easilvy without much disturbing the uniformity of the pres-
sure distributicd. This insures many advantages: the sim-
plification of the working process, the economy of material,
and improvements of qualities. Another advantage of the
new manufacturing process is that neither the reqguirements
concerning the property of material and the dimension of
ring nor any complicated calculations are necessary for

the provision of a eylinder bdlank, from which piston rings
are to be manufactured, as in the case of Bennet's or

other manufacturing processes. It will be noted that this
working process is applicable in cases where the diameter
of the ring may be either large or small, and also where
the material may be of cast iron, brongze, brass, and so
forth., 3But in this process, a precise caution must be
taken in the last finigh of the outer surface, that

the side pressure of two flat plates, between which the
ring is inserted, must be so weak that it will not disturbd
the free curve form of the ring, the gap ends being clamped
by meang of a prin jeint. The disturbing effect coming from
the boundary force during the finishing operation on the
uniformity of the pressure distribution of ring is not neg-
ligible, especially when the spring power of the ring is
weak, or when a large number of such rings piled on a core
drumn i1s clamped together and turned to the desired diameter.
In the case of the ring No, 12 where its spring power is
weak and finished by a bite not by a grinder, the ring is
pressed more heavily than in the case of a grinder finish,
so the disturbance arising from the boundary force is more
noticeable than that of the ring No. 7; accordingly, the

*Japanese patent, 701 44; French Patent,No. 617,919; British
patent, No.278,048; U.S. Patent, No. 1,666,343,
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pressure distribution of the former is somewhat worse

when compared with that eof the latter.

VI. HANDY METHOD POR TESTING ANY PISTON RING

As described in the feregoing paragraph, a piston
ring which exerts nearly uniform pressure on the cylinder
wall can easily be made if it is turned to a true circle
by clamping its gap ends by means of a pin joint. Then,
if a piston ring of uniform pressure is clamped at 1its
gap ends by a pin Joint, it is easy to understand that
the ring will take a true circular form at its peripheral
surface. A ring which does not take a true clrcular form
when clamped at its gap ends by a pin Joint will not ex-
ert uniform pressure on the cylinder wall, and the greater
the irregularity the worse will be the pressure distribu-
tion, Hence, it will be convenient, though not rigorous,
tn compare the quality of the piston ring by measuring
how much its periphery deviates from a true circular form
when clamped at its gap ends. Figure 27 shows the meas-~
uring arrangement of a ring for this purpose; 1 is a turn-
ing table which is able to turn accurately around a conical
eenter, 1ts periphery being graduated to 1°. A piston
ring 2 to be examined is rested on a circular plate 3 and
clamped lightly by clamping jaws 4. The circular plate 3
is adjustable with regard to the turning table 1, thus
enabling the position of a ring easily adjusted on the
plate 1. In the actual operation, a piston ring to be
examined is at first clamped at its gap ends and fixed
gently on the plate 3, and then by turning the table 1 the
posltion of the ring is adjusted so that the readings of
the dial indicator 5 show r3 = rg and ry = rg.

Specifications of sample rings are shown in table
XIX.. Most of them are made in famous manufacturing com-
panies in Japan, Europe, and America. A pin hole at the
gap ends 1s drilled in each ring while being compressed
in the bore of a diameter accurately equal to that of the
englne cylinder as shown in figure 28. Varjiations &7
of the radius vector of each sample ring were preclsely
measured by the apparatus in figure 27 and shown graph-
ically in figures 29 to 48 on convenient scales. Conm-
paring the variation of radius vector with the irregular-
ity of the pressure distribution of the rings in figures
29 to 32, it is found that in the case of the ring No, 14
where the pressure distribution is nearly uniform, the
value of 6r 1s very small and its periphery nearly forms
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a true circle. In the case of the ring No. 15, the value
of &8r ©Dbecomes very large with the increase of the irreg-
ularity of the pressure distribution, and the worst pres-
sure distribution accompanies the largest value of §&8r as
in the ring No. 17. Any ring in which the pressure dis-
tribution is irregular is never found to have a constant
radivs vector when clamped at 1ts gap ends.

Another example of a smaller diameter is shown in fig-
ures 33 to 35, and a similar relation between the variation
of radius vectors and the irregularity of the pressure dis-
tribution is found as in case of the larger diameter, the
smaller being the value &8r the more uniform the pressure
distribution. In comparing rings of different diameters
and thicknesses rigorously, it is not, of course, sufficient
to consider only the value of 8r. The functional relation
among the radius vector, the thickness, and the pressure
distribution, is very complex; and 1t will be almost impos-
sible to obvtain the relation from measurements of these
data. Vevertheless, it is convenient in practice to ex-
amine roughly whether or not the quality of a ring is goocd
by measuring its deviation from a true circle when the gap
ends are clamped as previously mentioned.

No. 21 is one of the rings made by the new process in
the I.P.C.R., consisting of about 50 pieces of rings piled
together with specially designed attachments; the variation
of radius vector in figure 36 1s very small, the ring form-
ing nearly a true circle. For No. 22, though it was fin-
ished by the same process as No, 21, the result in figure
37 is not so good as No. 21, on account of its breadth
being narrow and mean svring power very weak. Of the ring
made by the new process in the I.P.C.E., the author meas-
ured simply the diameter in all directions, and examined
the devietion from a true circle, the diameter ranging be-
tween 25.4 and 530 millimeters. The results are all good,
showing them to be approximately true circles.

a ring No. 23 made by The Piston Ring Co. shows a
pretty good result as shown in figure 38. TWo. 24 is a
ring of an automobile engine; 1its radius vector diagramnm
(fig. 39) shows small irregularities but gives a pretty
good result. On the contrary, a ring No., 25 i1s very irreg-
ular and unsymmetrical (fig. 40); and will naturally give
an irregular pressure distribution. Wo. 26 is a ring
specially constructed (fig. 48) in which a steel expander
having an oval form is put in a triangular groove of the
outside bronze ring to give it the spring action. In
spite of the complicated construction and consequent high
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cost, the result of measurement shows it to be.the Worst,

(fig. 41) among the sample pieces, except- the ring Wo. 17
The ring ouzht to be improved more in thevcombination of

its steel expander and outside ring. -

All the rings Nos. 27 to 32 are the so-called hammered
rings, being hammered, folled, or scratched inside to give
the spring action, No. 27 is a ring to be used for an
aero-engine and shows a good guality, having very small
irregularity of radius vectors ag seen in figure 42. No.
28 is a rihg to be wsed for a solid-injection high-speed
Diesel engine of the latest type, for which the value of
8r as shown in figure 43 is not small. -Nos. 30 and 31
are for aero-engines, and Nos. 29 and 32 are for automobile
engines, respectively., They all show very much irregular-
ity in the radius vectors as shown in figures 44 to 47.

On the whole, it may be said that hammered rings may
have comparatively good qualities, when their gap ends are
of the diagonal or the, straight forms. 3Because, in thge
case where the spring action is given by cold working
heaviest at the opposite side of the gap ends, decreasing
gradually toward- - the neighborhood of gap ends where no
cold working is given, the curvature near the gap ends will
not be altered from its initial value. When the gap ends
are of the stepped form, especially in case of.a ring hav-
ing a long step, there is a pretty great difference of
curvatures bebtween the ring surface at the free state and
inside. of the cylinder; so it is very difficult to fit- all

the ring surface to the eylinder wall. It sgems that.the
manufacturing process of pilston ring by means of cold work-
ing should be much more carefully studied. It is ascer-

tained from the results stated above, that all the piston
rings made by ordinary manufacturing processes do not
possess the curve form in their free state which will give
uniform pressure on the cylinder wall; only, the rings
Nos. 24 and 27 are better than others.

If the ring made by the new manufacturing process in
this Institu@e is compared with those made by ordinary
processes in Europe and America, it can readily be seen
how much improved the new .manufacturing process is. It
may be worth while to remark that. this manufacturing
process 1s applicable for all cases where the dimension
of piston ring is either large or small, and also where
. the material is cast iron, bronze, brass, and so forth.

Moreover, this process requires no gross equipment. to be-
gin with. . .




26 NACA Technical Memorandum No. 1057

It may not be out of place to remark in this connec-
tion, that the author in course of inventing this new
manufacturing process felt much indebtedness to the late
Prdf. A. Inokuty for his distinguished essay (reference 6).

‘

VII. BFFECT OF ANNEALING ON THE PRESSURE DISTRIBUTIOW

It is not yet clearly known how the pressure distri-
bution of the piston ring is affected by the rise of
temperature during the running of an internal combustion
engine under load, though many 'experimental researches
(reference 7 ) have been reported as to the temperature
of the piston and piston rings in guestion. Under a nor-
mal state of running, it seems that the temperature of the
piston ring is rather low, the maximum estimated value nof
exceeding 300° C. Since the heat effect may not be small
‘when the ring is heated to temperature higher than 500° C
under an abnormal state of running, the temperature effect
was taken into consideration by the author. To obtain the
data of the ‘ring pressure on the cylinder wall in thé¢ hot,
state is, of course, very difficult; so the measurement
was made on annealed rings in the cold state. The heat treat-
ment of sample rings is shown in table XX, For annealing
purposes 2 cast iron hollow cylinder was prepared, its
inner diameter being equal to that of the engine cylinder,
and the rings to be annealed are placed inside it with
graphite powder and then heated to-'a required temperature
in an electric furnace for several hours, Figures 49 to
51 and tables XXI to XXVIII show the effect of annealing
on the pressure distribution, and figure 52 shows the same
on the mean spring power. It is interesting to observe
that the configuration of the pressure distribution is xHot
much altered by annealing below 400° C, both the irregu-
larity and the uniformity of the pressure distribution
being not unchanged. The mean pressure, however, decreases
gradually with the rise of the annealing temperature,
rather rapidly bBeyond 300° C, drovping down to half the
pressure of the virgin ring at about 500° G. The effect
of annealing on the mean pressure is comparatively large
for the first few hours and becomes weak afterwards.
Further experiments were carried out on the heat effect,
and the duration of annealing, on the mean spring power
for other sample rings. Table XXIX shows the specification
and heat treatment of these sample rings. In these cases,
the mean spring power was determined by winding a thin
steel band around the ring surface using the formula (6),
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the annealing process being the same as explained before.
Figure 53 shows the decrease of the mean spring power of
the piston ring with the rise of the annealing temperature,
the full line representing the case of ordinary piston
rings and the dotted line that of the hammered rings. The
effect of annealing on the mean spring power 1is nearly the
same as in the case shown in figure 52, though it scems
more effective for the hammered .rings.

The time effect on the annealing 'is shown in figurec
54, from which it is clearly understood that it is, as
previously stated, noticeable only for the first few hours,
and after repeated heating and cooling for a long time
below 300° C, it becomes very small. It may be said from
these experimental results, that the heat effect will not
be dangerous,if the piston ring is not heated beyond 300° C
in the running condition.

Next, examine the pressure distribution of vpiston
rings after the actual service for a long time. PFigures
55 to 57 and tabdlee XXX to XXXII show the pressure distri-
bution of the rings made by the The Piston Ring Co. and
used for half a year in a 6 horsepower four-cycle Dicsel
engine of vertical type (bore 127 mm and stroke 191 mm).
It would seem that the irregularity of the prcessure was
much equalized and the maximum pressurc at the gap ends is
considerably reduced, slight deprcssions being formed at
these cnds. The ratio of maximum and minimum pressures
becomecs smaller in the 0ld ring and in the case of ring No.
44,which was used at the top of the piston. It seems that
the mean pressure is not reduced more than 10 percent of
its original wvalue.

VIII, RELATION OF THE GAS TIGHTNESS OF PISTON RINGS

T0 THEIR NUMBER AND SPRING POWER‘

The pressure distribution of the piston ring on the
¢cylinder wall having been ascertained, an examination is
. now made of the relation between the gas tightness and the
- pressure of the ring on the wall. ZFor this experiment,
two kinds of piston rings were used - one made abroad and
the other in this Institute - and the engine used was a
3~horsepower four-cycle Diesel engine having 89 millimeter
bore and 140 millimeter stroke.
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a, virgin rings, same kind as those of No. 23 in tabdle
' XIX explained before

as gsame kind as a; dut, old one having been used for

a month; its outer surface self-ground and well-
fitted to the cylinder wall

b, and b, virgfn rings speciall& made in this Institute
to produce uniform distribution of pressures
but with their outer surfaces rough

The amount of mean spring power was measured by com-
pressing the ring with a thin steel band until the gap
becomes Just the same as when the ring was put into the
cylinder. To reduce the amount of mean spring power, the
rings were annealed in a hollow cylinder - as explained
before. The engine was driven by an electric motor and
the naximum pressure at the end of compression stroke was
measured by means of Dobbie Mclnnes spring indicator., The
maximum pressure thus measured is plotted in figure 58
and shown in table XXXIII with regard to the number of
revolutions. By the figure it is seen that this maximum
pressure decreases with the number of revolutions, It
will be noted that no distinct rise of pressure is recog-
nized even if the number of rings be increased up to 3,
4, and 7.

In order to compare the merits of rings for gas tight-
ness more accurately, slow revolutions of the engine are
preferable; and so the number of revolutions was kept te
about 130 to 135 per minute, which was attained by hand
driving. The inner surface of the cylinder and the piston
rings were carefully washed with gasoline to remove the
lubricant used, and only one ring was placed at the top of
the piston groove. DT

The maximum pressures thus measured are shown in table

XXXIV and in figure 59. In the case of an o0ld ring aj
the highest pressure was obtained; but comparing the virgin
rings by and by with a,, the compression pressure was

higher in the former cases even if the outer surface oJf.
these rings was not satisfactory, owing to the vibration of
the grinder during their finishing. The rings a;. and ag
were made by The Piston Ring Co.; the pressure distribution
was somewhat irregular but all peripheral surface of the
ring was well in contact, no partial touch or clearance be-
tween the ring and the cylinder wall being observed. When
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the rings of a worse pressure distribution +than ring No.
6 was used, the packing action was found fo decrease con-
sideradbly; one such example was fully stated in another
paper (reference 8). In short, the perfect fitting of the
ring surface to the cylinder wall is necessary for the gas
tightness. It will also be noted that the packing action
of the ring is not much altered by decreasing the mean
spring power of the ring (fig, 59), especlally in the case
of a ring of uniform pressure. ' ' :

A perfect contact of the two surfaces is sufficient
in practice to prevent the leakage of gases under any pres-
sure. For examplé, a hollow cylinder having its inner
surface well ground to fit .a solid piston -of good finish
will not permit any passage of the gas which is compressed
by the piston, provided the cylinder wall is not expanded

by the internal pressure. It is, therefqre; an absurd idea
to keep a higher pressure between the two contact surfaces
in order to get a better obturation performed. In fact,

the pressure existing between the outer surface of the
piston ring and cylinder wall plays no principal role in
impedifng the leakage of gases, bdbut a perfect contact of

the two surfaces is a necessary condition to be attained

by all means for -the obturation purpose, and the said pres-
sure is preferred to be -low enough to bring the outer sur-
face 'of the ring Jjust in contact with the cylinder wall,
even in case where the cylinder is expanded under the gas
pressure or as the effect of high temperature.

Many engine makers, on the contrary, are using a ring
which has a very strong spring pawer, exerting an enormous
pressure on several parts of the cylinder wall; so
the ring is strained by this spring action and obliged to
make a slight contact with the other part of the wall,
where no touch may be found when the spring power of the
ring is weak. Agaln, a strong spring power may be conven-
ient for so-called rudbbing operatioh, the ring surface
being ground rapidly. This may be the only merit of the
ring with a strong spring action, and its bad workmanship
is concealed by the spring action. It is now clear that
the most important thing ie the uniform pressure distridu-
tion of a light pressure of packing ring on the eylinder
wall with a perfect contact, for the sake of minimizing
the frictional resistance of the piston and the wear of
cylinder wall in a long run of the engine. When a ring
of strong spring action with an irregular pressure dis-
tribution is used, not only the mechanical efficiency of
the engine is diminished by undue frictional resistance,
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but also the eccentric wear of the cylinder soon becomes
consplcuous enough to need the reboring or grinding of
the cylinder.

The previous considerations refer to internal combus-~
tion engines, but the same reasoning holds good for air
or gas compressors, steam engines, and any other engines
using piston-packing rings. In the case of low pressure
engines, however, the defects of ordinary rings are not
so noticeable and, consequently, the question of obturation
draws less attention,

Some examples of the local abrasion of piston rings
are as follows. In figure 60, a ring was used for only
3 weeks in a marine steam engine of the vertical type, hav-
ing -an _initikal uniform thickness of 31.8 millimeters. As
this ring was manufactured by hand hammering, its initial
curve form would have been, perhaps, very irregular; after
only 3 weeks' service it wore so much locally that its
maximum thickness amounted to about ten times the minimum.
Another example is a hammered ring used for several months
for an air compressor of Ingersoll-Rand Co. A considerable
local abrasion is observed, the maximum and the minimun
thicknesses being 3.6 millimeters and 0.4 millimeter,
respectively. In these examples, it was not clearly ascer-
tained if these local abrasions were due only to the irreg-
ularity of the pressure distribution of the ring on the
cylinder wall, but it seemed quite probable; because, in a
ring having a good quality of uniform pressure, there
appears no such enormous local abrasions. Many other ex-
amples of local abrasions are seen in the case of piston
rings of locomotive engines on account of the many rings
employed therein being manufactured by the simplest method
as No. 6. An engineer told the author, that when such a
ring made by the simplest method in the cylinder of a
steam hammer of 254-millimeter diameter was used, the cyl-
linder bore became rapidly oval during only two weeks'
service; and the difference of the maximum and the minimum
dlameters amounted to about 2 millimeters. In short, it
is surely unprofitable in various respects that the ring
has an irregular pressure distribution on the cylinder
wall,

Next, the relation between the number of rings and
the packing action of the ring by the same method was
examined, and the results are shown in figure 861 and table
XXXV. When the ring is removed -~ that is, the piston
works in the e¢ylinder with no ring - the maximum pressure
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1s quite low; when only one ring is put 1n, the abrupt
increase of the pressure occurs; but by increasing the
.number of rings, .any higher compression pressure is not
obtained in the case of no lubrlicant, this being a very
singular and interesting phenomenon. Similar results are
seen in the case of using sufficient lubricant, but a
tendency is observed that the increase of the number of
rings accompanies a glight increase of the compression
pressure. The piston rings used in these experiments are
not fresh, thelr outer surface being self-ground and well~-
fitted to the cylinder wall. From these results, it may
surely be said that when a piston ring has good quality
for the packing action, its tightness for a high pressure-
gas i1s attained well enough by the first one or two rings,
the other rings serving only for a spare. Nearly the same
conclusion was given by A. Turner (reference 9) in his
experimental reports.

The effect of lubricant for the packing action of
rings is very great, and in the case of a rich lubricant
the compression pressure is about 20 percent higher than

that of no lubricant. The circulation of lubricant isg
very important, not only for the gas tightness but also
for minimizing the frictional resistance. On the other

hand, an excessive lubricant in practical operation will
introduce many undesirable effects for the driving of
engines; so, careful attentions should be paid to this
matter. In an internal combustion engine, an excessive
lubricant often causes its incomplete combustion. An
exact fitting, however, of the piston ring to a cylinder
and its stepped gap ends is very effective in preventing
the lubricant from being pumped up into the combustion
chamber. It will be more interesting if the action ‘of
pisten rings on gas tightness be carefully studied in the
working conditions of internal combustion engine, but the
experiment will be very difficult.

IX., PRICTIONAL RESISTANCE OF THE PISTON RING

The frictional resistance of the piston rings of
engines is said to be pretty large (reference 10), and
it will be interesting to examine how much the frictional
resistance of rings would be in comparison with the other
frictional and mechanical resistances. The 2-horsepower
Diesel engine with the az rings was driven by an elec-
tric motor, the cylinder cover being removed to prevent



32 NACA Technical Memorandum No. 1057

]
compression. The driving belt was guddenly taken off the
englne when its revolution became steady, and the reduc-
tion of the rotation was recorded in relation to the time
of running. If the relation between the retardation of
engine speed - and the time elapsed is known, a comparison
can be made of the frictional resistance due to the piston
ring with the total resistance of the engine driving -~
except pumping and valve-gearing losses. Now, let w De
the revolution of the engine at the time t from the
*beginning of the retardation; then there is obtained the
relation between w and time t as seen in tables XXXVI
to XXXVIII. 1In the case where the piston friction is
small -~ namely, few piston rings - the functional relation
between time and speed is expressed by the formula

|
W o= W, e -~k (7)

where wgy 1s the initial value of w, and k' is a
constant proportional to the coefficient of retardation.
This formula does not hold good for the case when the
friction becomes large according to the increase of the
number of rings. 3But an empirical formula,

1
w'i = wg® - kt (8)

holds better for all the cases, so that the relation
between w2 and ¢ is expressed exactly by a linear
relation as shown in figure 62. Since the piston
friction is very small, it may be considgred proportional
to the mean piston speed in the observed interval, the
formula (7) holding good. However, if the number of pis-
ton rings increases, small clearances between the plston
rings and thelr grooves would affect the retardation of

the reciprocating motion of the piston and the formula (7)
would become more and more inapplicable. The experimental
data in tables XXXVI to XXXVIII taken on the retardation
tests of the engine, when plotted, give a series of straight
lines (fig. 62). These strsight lines show that the speed
w and time elapsed t are related as given by the formula
(8). so, compare the frictional resistance of the piston
rings with the total frictional resistance by estimating
the values k in the formula (8); the results are shown

in table XXXIX. Trom these experiments, it is found that
the frictional resistance of rings 1g estimated to be so
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large ag60 percent of the total resistance, excepting the
pumpifg and -valVe-gearing resistances. -If the number of
..pings "1s-reduced- £o.- two-or -three, the total frictional
resistance will bHe diminished by about 25 percent;.if the
mean pressure of rings which 18 0.80-to 0.90 kilograms
pbr square centimeter in present practice (whigh in the
author's opinion is intensely high) Dbe reduced to about
one half, there will be a considerable gain of mechahical
efficiency of the engine,

§

X. NOTE ON THE DESIGN: OF PISTON RING .

'

The piston rings are ‘gemerally strained. under an
excessively large stress when they are put into the pis-
ton groove or under the working state; accordingly, there
often happens a permanent set or a breakdown in actual
operation. If the maximum bending stress in their work-
ing state is calculated by the formulas for curved beams,
it becomes of surprisingly high values, say, 2000 kilograms
per square centimeter or more. Dr, Bach (reference 11)
states that in the case of cast iron the ultimate strength
against bending may be taken as high as 1.7 times that of
its ultimate for the case of the tension or compression,.
Therefore, the piston ring in use under such a high stress
will not immediately break down; dut it cananot be treated
as an elastic material at its extreme outer or inner layer.
The hysteresis loops in the load-strain diagrams of the
following experiments may be regarded as supplying evidence
of what has Jjust been mentioned. 3By connecting the threads
to the gap ends of the ring, it was expanded to the diam-
eter until it could be put into the grnove cut in piston
body, 'and then compresséd until the gap ends were closed.
The relation bétween the gap length and the forces acting
in the tangential directiop at the gap ends arXe plotted
in' figures 63 and 64. The load strain diagrams drawn for
every ring give pretty large hysteresis 'loops, ‘and many
other -sample rings show nearly the same results. .It may
be said that the maximum bending moment is greater in the
case when the ring is expanded to slip over the piston body
than wheh it is compressed, but the difference between the
two is small so far as the experiments show. Though the
rings used in the experiment had fine gtructure'and good
guality, they described such hysteresis loops; accordingly,
in the case oft piston rings_of'ordﬁnary cast iron very
large hysteresis loops may well be expected to be drawn.

It is undesirable for a piston ring to yield under the -
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permanent set, when it 1s put into the corresponding
piston groove or in its working state. JIf the curvature
of the pistwon ring be deformed permanently, K during the.
operation of putting in or taking out.of the groove, the
elaborate task performed in the manufacture of the ring
to insure uniform pressure would become entirely useless.
Thus, the maximum stress must be taken as small as pos-
sible in the design of piston rings, so as not to produce
a permanent set. Since it is very complex, as described
later (sec. XI), to estimate the true value of maximum
fiber stress in each piston ring under its working state,
it is convenient to determine the dimensions of piston
rings by calculating an apparent stress, though not the
true stress. TFor the sample rings Nos. 3 to 33, the
apparent maximum stress under the state of being put with-
in the c¢ylinder, was calculated by the formula for curved

beams (reference 12)

W M M t/2
I

14 22

r

if 2r = D, there is obtained for the tension sfde,

3p D 1l
Omax t = mng
% %
1+ =
D
where Opgpx ¢ 1L1s the maximum tensile stress; Py, D,

and t already have been defined. Calculated values of
. Omax ¢t are shown in table XL, from which it is seen that

all the rings except Nos. 12 and 13 are strained under
excessive stresses beyond the limit of applicability of
the formulas; these formulas are supposed to hold within
the 1limit of elasticity of the material. Though the
values of the maximum stresses thus calculated are not
true but only apoarent, these values should be taken into
account in the design of piston rings, as famous ring
makers in Europe and America do. ’

Next, the author measured the dimensions of various
rings employed in practice and obtained relations between
the thickness t, ©breadth b, gap length 1, and the
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diameter D. Prom the results of measurement shown in
figure 65, it is found- that the values of . t, ", and 1
are all proportional %o the diameter within the range of
experiments, though b and 1. are somewhat irregular.’
As to the value of b, it was taken for & very wide range
according to the kind of engines. In high speed services,
especially. in aero-engines, very narrow breadth is adopted
as shown with a dotted line in figure 65. Even .in the
case of larger diameters the breadth does not increase so
much. For example, a piston ring used in a locomotive
engine of 530-millimeter diameter has breadth 20 milli-
meters and another valve ring of 210-millimeter diameter
has breadth 6 millimeters, and so forth. As previously
stated, the number of rings play no principal role for

the packing action, only resulting to increase the friec-
tional resistance of piston; hence, no large breadth of
the ring will be necessary. Moreover; in the case where
the cylinder expands or wears conically owing to a tem-
perature gradient, and so forth, along the wall, the high
pressure gas would leak easily through the wedge-shape
space between the ring surface and the cylinder wall. It
is eagily understood that the narrower is the breadth of
the ring the better contact of the all-ring surface with
the eylinder wall, and the less frictional resistance

will be experienced. Therefore, the breadth of the ring
should be as narrow as its strength permits. In vicw of
this, 1%t is thought that the piston rings used in aero-
enginces require much improvement. .

The mean spring powers of the piston rings explained
before, it seems, are encessively strong; but from exper-
iments, 1t may be said that the exact fitting of the all-
peripheral surface of the ring to the cylinder wall is
only necessary for the gas tightness, an excessively in-
tense pressure being not only useless dbut -injurious.
Hence, the spring power of the piston ring should be made
comparatively weak. For this purpose, the guestion arises
whether its thickness t is to be chosen smaller or the
gap length 1 taken chorter._ By the theory of elasticity

it is known that py, o 1 X % (reference 6) and

o Pon approximately, hence; o 1 x t (refers

Omax % 2 Cmax
ence 14). If gap length 1 is taken smaller, it will
not be convenient to put the ring into the piston groove
as 1n the case of an eccentric ring No. 5 or 5', the per-
manent set being easily established. On the contrary,
when t is smaller, even siightly, the diminution of

the mean spring power is considewvable and the ring will

L ™ - —r 2
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be more flexible, Omax tecoming correspondingly smaller.

In short, in the design of piston rings it is convenient

and sure to determine their dimensions according to the pre-
viously stated conception, taking into consideration the
dimensions of piston rings of famous makers.

XI. CALCULATION OF TRUE STRESS ON THE SKIN OF PISTON RING

The maximum bending moment of the piston ring under
the working condition is very large, and the maximum stress
estimated by the ordinary formulas for curved beams appear
to be so excessive that the formulas could not be used
for the stress calculation of cast-iron rings. In order
to calculate the true value of maximum stress, the autnor
tried to introduce here the "Potenz Gesetz" € = ac®
according to Bach, where O and € are stress and strain,
respectively, and a, m are certain constants.

In figure 66,

initial final

Radius of curvature at the central

surface . . . . . . . . . . . . . . . Po o)
Length of arec element. . . . . . . . . . ds, ds
Angle subtended by the arc element at

the center of curvature . . . . . . . do do + Adop
Half the thickness of the ring . . . . . h
Breadth of the ring . . . . , . . . . . b

Distance of the neutral surface from the
central surface . . . . . . . + < .+ . e

Strain of arc element distant by 1
from the neutral ‘surface;
tensile strain. . . . . . . . . . € .

compressive strain. . . . . . . . €4

Referring to figure 66,

dsg = (po - e + M)ap, ds = (p + M)(dw + Adyp)

ds = dso _ (p + M)(aw + Adw) - (py = e + M)

€ =
dso (py = e + Mao
(p -~ py + e)dp + (p + MAdow

— 10
(po - e + Tdw (10)
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Figure 66,
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v (po - €)a® = p(aw + Adp)

I ' - e e B

dp + Adw  py - e

dep P

Aip _po - p - &

(11)
do P
By combining formulas (16) and (11),
_ P - P t e (p + M)(py - p -~ &)
€y = +
Po - e + 10 (py ~ @ + Mp
(pg = p - e)m (12)
(py - & + Mp
In the same way,
¢, = {Po - p - o)l (13)
c
(py - e = Mp
Introducing the relations €4 = a,0¢®1 and
€a = azocmz, there is obtained the stress for tension
side,
-
oy = {{Po-p - )0 lm
a plp, - e+ M)
or ) 2
fhy(py = p=-e) ) m
o, (max, stress) = <{—>mn? }' (14)

PO

va;p(pe - e + hy)

and for the compression side,

_ 1
(pg = p - )N\ mgy

[0} =
Lazplpy - e = M)

c
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or

Oz(max. stress) = {

NACA Technical Memorandum No.

1067

helpg = p - e)

agp(po - & - hz) ’

My

(15)

From the equilibrium of the stresses and bending

moment, the following equations will be obtained,

Substituting the values of oy and O0O,, there

(po - P -

e)n

aplp, - e - M)

(Po-- pr— e)n

h, h,
[ Ogdf - /chf=0
0 0
and h, hs
/F oynaf + /‘ocﬂdf = M
o] o]
obtained
hlr . 1 hz
b ‘ (p23 - p - e)n my an - b/P
s va1p(pp - e + M) J
and
hy . 3 ) hy
b/{ (oo = p - e)n}ml man +bf{
o} alp(po"e"'n)

4]

Layplp, - e - M)

(16)

(17)

is

From the relation given in the formulas (14) and (15),

{F’o

n
Po - p=-el * {Po"e"he
J 2 ho

and

where

-p

-

ap

e}.nl p - e + h
0 1
w h,

azp

(20)

(21)
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By substituting these values in the formulas (18) anda (19),
p will be eliminated,

o, {Rez e il ” 1 an
1 ﬁ h n,
\ 1 Yo (po - e ¥ T)
nz hp n
P - B -r_h ' I -] .
-Ga{ 0. ?;} f A TDaN=0  (22)
hz Yo (py - e - M)
and
n h,
b PO - 8 + hl b nnl+l
C1 n an
h, o(p0 -e + M) 7
. h
n2 2 n2+l
+ bog{Po - ° - hz} f n —an=M (23)
hy ° (py = e ~ M) ®
. : . . 'hl n, "
The integration of the values /‘ 1l dn, and

. (Po - e + n)t
s6o forth, is made as follows: ;

.

1 h,y

h
ny n
Isy = JF L an = _[,ﬂ A - e + N)7" an
T Gy e T T e
‘ h‘l "nl hl
1 1
' nlf ﬂ’”(l + 2 ) Lan = = fﬂnl{l ~T—t
(po - e) o p'o - € <p0 - e) 1 (o} - po - €
+ ny, (n, + lg v o n,(n, + 1)(n13+ 2) nﬁ o -}'dﬂ
2(p, - &) 6(p, - e)
n,+1 . n,+2 n,+3
_ 1 fh, ? n, by * L Pafny + 1) by !
= { -
(po = e)nl\nl + 1 Po - © n; + 2 2(po ~ e)a n, + 3
n, +4
1. 1
_ny(ny; +1)(n, + 2) . P . '1_

6(5;0 - e)° n, + 4 J
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Im,

Im,
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In the sane way, o Loy

ho n L ELE ' n,+2
2 2 2
=[ T] d'n - 1 : hz.T + n2 X hE
np ngz .. Jad e (o )
(po - e -1) = - (p(j - e) \.na + 1%.._-,(_90.— e) n, + 2
N, +3 Np+4
N np(ng + 1) | By 2 , palng + 1) (ny + 2) « b .. :L
2(py ~ e)? ny 4+ 3 6(py — )~ _un ng + 4 y
h n ;i T T T ony+z’ n,+3
1 1
- n an = 1 _ {hl _ n, X h, *
n 1 -
® (py - e+ M " (py - e) n, +2 (py-e) n, +3
nq+4 N n,+5
+ nl(nl + 1) % h, 1 - nl(nl + 1)(111 + 2) 1 + .. .}
2 3
2(p, - e) n, + 4 e;(po - e) I n, + 5
hz n +1 - 2+3 l ' n,+3
= 4F N ' an = .{hz + Bz X by
n
(po - e =T~ (p L, + 2 (po ~e) np +.3
n_(n ;;15 Tp REtt n.{n_ + 1)(n_ + 2) h n2+§
4+ _2 2 zx 2 + 22 - "z,-_}, IR .2 ; .. 1
2(p, - e) n, + 4 6(p, - e) n, +5 J

Substituting the values Is;, Isp, Imy, and Imz in the
formulas (22) and (24), there is obtained

) 1’11 nz ’
- + h; - .- - h,
o, {Po e _1} Is, - 0s {Po € } Is, = 0
L .

h,
and _
nl . - 'n2
bol{po—e+h1} Im1+b0‘2«rp°"e he} Im, = M
hy L ho .
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ns . . :
o o&izjiqihztpo”' 6 + M)

: 02 = Oy - (24)
5 N T .-:’.A ;aeh“l'(p:o:-': e = h ) A S
. . n. ' . ) Eg_ . - Vo na‘ R
. - 1, ST 1 - + hia , SR
5 oy {Po e + h, } re, o 0y {al(po 5 1)} fes = 0
hy ~ azh; .
(25)
S ) ﬁg -
- ni - 2 - Cl
b8, {PO ° * by } Im, + Do, & (PO ° + By) Img = M
agh;
(26)

From the formulas (24), (25), ana (26) the ‘following
results are obtained ) .

n;ng

az n2~n1 Isl\\nz"nl
< > Ll \Po > < L " <27)
(0 ()55 )

The relation between the bending moment M .and the
value .of & in the formula (26) can be obtained graphi-
cally as to the piston ring of given dimensions, by cal~
culating the bending moment with respect to each -as sumed
value of e; then from this graphical relation thervalue
of e corregponding to a given bending moment can easily
be determined, Putting the determlned value of e in ~
the formulas (27) and (24), maximum bending stresses &
and Oz can be obtained, : A .

and

For the verification of the result obtained, if p,

is 1nf1n1te in the formula (27) it will: Just coincide with~
the formula obtained by Bach (referenge 12, p. 277) in the
case -of a stralght beam. - |

Por a numerlcal example, the case where tﬂg ring
No. 1" is put into the cylinder is taken, in which the
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bending moment at the side opposite the gap ends is 47,7

kilogram- centimeters calculated from the pressure distr1~

bution dlagram in -figure 23, the radius of curvature po

in the unstrained state 6.514 centimeters, thickness of
the ring apd the cross-sectional area O. 420 centimeter and

0.333 square centlmeter, respectively.

Assuming
= 1 , ag = 1 , m = 2.623, and ms = 1.491
24956000000 20000000

v

as given by Bach, the result of calculation by the formulas
(27) and (28) gives o, = 1200 kilograms per square centi-
meter, approximately. (In the above calculation the effect
of the normal compressive force on the cross section is
neglected as it is very small.)

This value ¢f oy still may be too large for working
conditions, but. is very small compared with the value of
Oy, 1997 kilograms per square centimeter, calculated by
the ordinary formula for curved beams. If a;, az, my,
and mnmy; were known for the ring material, the value of

maximum stress would be estimated more accurately.

XI1T. RESUME

Frem—what has been described in the preceding pages,
the author Jbelieves that the following facts concerning
the .characters of piston rings have been brought inte
light by him,

1. Mechanical devices were at first designed for
measuring the pressure intensity of the piston ring upon
the cylinder wall, but they only gave unsatisfactory
results.

2. Next, a specially designed apparatus was intro-
duced to measure the pressure intensity of the ring to

"which piezo-electricity was applied, and the absolute

value of the pressure intensity distributed on the cylin-
der wall was measured accurately by this testing apparatus.
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3. This new testing apparatus was so improved as to
be easily used in practice - that is, the plezo-electric
crystals were closed in a cast iron box ‘connected with the
desiccator shielded from the electro- magnetic induction
and moisture, a plston ring to be examined being able to
be moved up and down within the eylindrical barrel in the
same sbtate as in the actual piston groove.

4. The pressure distribution in many sample rings on
the cylinder wall is found to be very irregular, especially
so with the rings manufactured by simple and common methods.

5. The mean radial pressure of the mean spring power
of sample rings is less than 1.0 kilogram per square
centimeter.

6. A new simple manufacturing process of piston rings
which exert nearly uniform pressure on the cylinder wall
has been discovered; and there is now established a prac-
tical possibility of obtaining a piston ring of uniform
pressure.

7. A handy method for examining the quality of piston
rings by means of a dial gage tester was .devised by which
piston rings can easily be compared.

8. By annealing the piston rings below 600° C under
the working state, it was ascertained that the configura-
tion of the pressure distribution is not much altered,
while the mean pressure is considerably reduced, say, 50
percent at 500° C, and if annealing temperature is below
300° C, both the configuration and the mean pressure are
not much different from their initial state.

9. The pressure distribution of a piston ring becomes
better after being used in an engine for a long period of
time, even though it was irregular in the virgin ring.

10. The effects of the pressure distribution, the
mean spring power and the number of rings on the packing
action were examined, and 1t may surely be said that only
an exact fitting of all peripheral surface of the ring to
the cylinder wall is the necessary and sufficient condition
for the gastightness, the strong contact pressure or a
large number_ of rings being not so effective, as far as
the experiments are concerned. ‘
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11. The frictional resistance of the piston ring in
the engine cylinder is fairly high - being about 60 per-
cent of the total frictional resistance except pumping
and valve-gearing resistances. This large amount of
piston friction is diminished considerably by reducing
the number of rsngs and also their mean spring power.

12. Stress calculation shows that the maximum skin
stress of the piston ring under working state is very
large, and the maximum stresses found out by the ordinary
formulas for a curved beam which hold within the 1limit of
elasticity are only apparent values.

13. lMathematical invegtigation for the calculation
of the true maximum stress for a curved beam of nonelastic
substance, the relation between stress O and strain €
being expressed by € = a0®, was carried out and the for-
mula applicable to the estimation of the most probable
maximum stress of the cast-iron ring was found by the
author.

In conclusion, the author wishes to express his
cordial thanks to Dr. M. Okéchi, for his suggestions and
constant guidance while the present investigations were
being carried out.
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NOTATIONS IN THE FOLLOWING TABLES.
6.....Angular distance measured from the gap ends of the piston
ring in degrees. . . ‘ .

'

d.....Deflection of needle of the electrometer in cm. in the scale
of microscope.

F.....Total force exerted on the piezo-electric pressure gauge by
the piston ring in kg. o

P.....Intensity of radial pressure in kg./em?.

7.....Ratio of the maximum and minimum values of p.

<

TABLES
III (Fig. 10) IV (Fig. 11) V (Fig.12)
|

8° | d(em. ) Flkg.) { p(kg./em?.) ||d(em.)|F(kg.) | p(kg./cm?.) [[dcm.) [F(kg.)| p(kg./em?.)
0| 4.27 4.48 1-84 4.21 4-66 1.87 6-60 | 6-63 271
20| 3156 | 3.27 1.34 1.70 | 1.78 0-73 263 | 2.60 1.07
40 | 1-47] 1.48 0-81 143 | 1.49 0-61 0.78 | 07T 0.32
60 . 0-68 | 0-58 0-24 201 | 2.13 0-87 0-66 | 0-64 0.26
80! 0-30] 0.30 0.12 1.50 | 1-67 0-64 1.60 | 1-60 062
100} 3.06 | 3.18 1-30 1.40 | 1-46 060 2.50 | 2.66 1.06
120 | 4.40 | 4.62 1.89 47| 5-10 2.09 6-20 | 6-32 2.59
140 | 2.33 | 2.38 0.98 3-20 | 844 1.41 2-61 | "2.68 1.10
160 | 1.564 ! 1.56 0.64 0.71 | 078 0-30 071 | 0.70 0-29
180 | 274 2.82 115 0.48 | 0-49 0.20 0-22 |, 0-21 0-09
200 | 283 2.93 1-20° 1.35 | 1-40 0-67 0-68 3-68 0.28
220 | 268 | 2.66 1-09 3.32 | 38.67 1-46 316 -26 1.33
240 | 3.09 | 3.20 1.81 4.07 | 4-89- 1.7¢8 616 | 627 257
260 | 3.00| 312 "1.28 267 274 1.12 1.90 | 1.92 0-79
280 | 090 | 0-90 0.37 2.23 | 237 0-97 0-63 | 0.52 021
300 | 069 0.9 0-24 1.12 ] 1-18 0-48 0.88 0.87 0-36
320 | 1-62 | 1.54 0-63 2.10 | 2.22 0.87 1.60 | 1.50 0-62
340 | 2.60 | 2-67 1-09 2:62 | 2.68 1.10 | 8-00 | 3.08 126

|
pmn=0'964 pmn=0'980 i pmn=0‘974
| . .

Ring No. 1, D=12.70cm. Ring No. 2, D=12.70¢cm. Ring No. 3, D=12-70cm.
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TABLES ,
Vi (Fig. 18) VII (Fig.14) . VIII (Fig. 16)
8° |d(em.)|F(kg.) | (pkg.Jomd.) ||d(em.) |F(kg.) | plkg./emb.) [ d(em.) Fikg.) | p(kg./om3.)
0 408 | 65082 3:00 1.82 | 8.84 187 5.82 | 18.2 5.40
20| 0021 002 0:00 0 0 0 0 0 0
40| 016 | 016 0.08 0 0 0 0 0 0
60( 1.256| 1.89 0171 042 | 1.24 0:61 0 0 0
80| 202 280 117 314 | 9.23 3.78 0 0 0
100 | 1418 1.18 087 0.36 | 1.08 0:48 008 | 026 011
120 | 1478 1.98 1.00 0 0 0 1.77 | 4.08 1.67
140 186 212 1.08 0 0 0 0.20 ) 0.56 0.28
160 | 0.87 | 094 048 063 1.68 0:65 046 | 0.94 0.89
180 | 1.22 ) 138 0 090 | 2.66 1.09 319 | 7.21 2.95
200 329 | 3.8 2.02 1.86 | 8.96 1.62 1.93 | 446 1.83
220 | 135 | 1:b0 0.76 120 847 142 059 | 1.28 0.52
240 | 1.70 | 1.92 0-98 0:44 | 1.28 0.£2 080 [ 1.80 0:74
260 | 177 | 2.01 1.02 084 | 2.48 1.02 098 | 2.10 0.86
280 | 117} 1.80 0:66 2.41 | 7.08 2.96 0.06 | 0.18 0.07
300 | 1.67| 176 0.89 0.46 | 1.36 0.56 0 0 0
820 | 080 0.94 0.48 0 0 Q 0 0 0
840 0 0 0 0 0 0 0 0 0
| Pwnsx0:864 D =0.892 Pwnm 0:820

Ring No. 4, D=1270c¢m. Ring No. 5, D=12.70em. Ring No, 8, D=12.70cm.

IX (Fig. 17) X (Fig.18) XI (Fig. 18)

0° |d(em.) F(cg.) | plkg./em?.) | dem.)|Fkg.) | ip(kg./em?.)|d(em.) F(kg.) | ip(kg./em?.)
0| 1.64| 1.67 074 || 2.20| 2.07 0.85 || 289 267 1.09
20| 208 210 0-86 (| 1.00{ 0.90 0-37 || 1.80 | 1-40 0-57
40| 219 2.97 093 | 08| 077 031 )| 0.65| 067 0.27
60| 219 | 2.27 098 || 112 1.02 0.42 || 0.95| 099 0-41
80| 222 2.81 095 | 2.06| 1.92 079 | 1.51 | 1-62 0.68
100 | 212 | 220 090 || 1.64| 1.52 062 | 170 185 0.76
120 | 285 | 2.46 101 || 1.60| 1.49 0.61 | 220! 244 1.00
140 | 1.78 | 1.82 075 || 0.91| 0-83 0.84 | 117 1-24 0-51
160 | 1.84 | 1.88 077 | 0.81| 0.28 0.12 | 0.05| 0:06 0.02
180 | 2.47 | 2.58 1.06 | 099 | 0.89 036 || 005 0-06 0-02
200 | 262 2.65 1.08 | 2.48| 2.29 094 || 065 067 0.27
220 | 291 | 3.08 1.26 || 219 2.06 0.85 || 2.47| 2.7 1.18
240 | 1.94 | 1.98 0.81 | 1.85| 1.24 051 | 2.06| 2:26 0-93
260 | 1.88 | 1.87 077 [ 1.09| 0.99 0.40 || 118! 126 0-62
280 | 211 | 2.20 090 | 078] 0.70 0.29 || 078 | 081 0-33
300 | 233 | 2.44 100 | 0.65| 0-69 0-24 || 066! 0.68 0-28
320 | 2.50 | 2.63 1.08 || 1.80( 1.20 0.49 || 0.89 | 0.92 0-38
340 | 1.77 | 1.80 074 | 1.65] 1.58 063 || 1.63| 1.66 0.68

Ring No. 7, D=12.70¢m. Ring No. 8, D=12.70em. Ring No. 9, D=12.70 cm—.-
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TABLES
XII (Fig. 18) XIII (Fig. 19) X1V (Fig. 20)

6° |d(em.) F(kg.) | p(kg./cm?s.) | d(em.)|F(kg.) | p(kg./em?.) [d(em.)|F(kg.) | p(kg./ems.)
0| 228 | 2.54 1.04 428 | 217 2.11 1.10 | 0.306 0.35

20| 2.27| 2.53 03 040 | 0.25 0:20 1:16 | 0.320 0:36
40 290 8.32 1.36 1.221 0.63 0:61 0.70 | 0-184 0.22
60 | 227 2.63 1.03 212 ( 1.09 1.06 0.98 | 0.272 0.81
80| 212 | 2.34 0:968 1.83 | 0.68 0.66 1.80 | 0.500 0.57
100 | 217 | 240 0.98 1.58 | 0.81 0.79 1.60 | 0.445 0.50
120 | 265 | 2.88 1.18 2.66 | 1-36 1.32 1.00 | 0-278 0.81
140 | 2.565 | 2.88 1.18 2.33 | 119 1.16 0.66 | 0,188 0.21
160 | 266 | 3:.00 1.28 1.69 | 0-87 0:84 0.76 | 0.208 0-24
180 | 2.33 | 2.60 1.06 1.00 | 0.61 0.60 2.00 | 0.556 0.684
200 | 213 | 2.86 0.97 0.65 | 0.83 0.82 0:70 | 0:194 0.22
220 | 2.083 | 2.24 0.92 0.95 | 0.49 0.47 1.08 | 0.300 034
240 | 2.00 | 2.20 0.80 1.08 | 0.58 0.561 0.80 | 0.222 0.26
260 | 3.28 | 3.80 1.56 300 | 1.54 1.60 0.80 | 0.222 0:25
280 | 2.63 | 297 1.22 2.85 | 1.46 1.42 1.40 | 0.389 0.44
300 | 1.89 1 2.06 0.84 266 | 131 1.27 1.36 | 0-376 0:42
320 | 2.05| 2.26 0.98 0.54 | 0.28 0.27 1.90 | 0.528 0:59
840 | 1.03 | 212 0.87 016 | 0.08 0.08 0.90 | 0-260 0.28
Dmn==1.06 Pmn=0-840 Pmn=0.360

Ring No. 10, D=12.70 ecm,

Ring No, 11, D=889cm. WR?hg No. 12, ‘D150 cm.
TABLE XV. (Fig. 21)

00 d (cm.) F(kg.) p (kg./em%)
0 270 11.2 0:77
156 8.16 181 0-90
30 2:04 8.4 0.568
45 0.56 2.32 0.16
60 0-05 0-21 0.01
(] 0 0 0
90 0 0 0
106 0 0 0
120 0.80 1.26 009
186 1.28 5.81 0-36
160 2.06 8.60 0-68
1656 2.50 10-4 0-71
180 3-40 14-1 0.97
195 8.12 13.0 0.89
210 1.26 5-8 0.36
226 0-15 0.62 0-04
240 0 0 0
266 0 0 0
270 0 0 0
285 0 0 0
300 0-40 1.66 011
316 1.50 6.22 0-43
830 2.40 9.95 0.68
346 2.70 11.2 0.-77
Pmn==0-351
Ring No. 18 D=58.9 em.
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TABLE XVI.- COUPARISON OF BENDING-HOMENT DISTRIBUTIONS

L DA S e PP Y ST DITIIRS 5O RPYOP EA PRPUAP I SORA YRRty
{=G-D)
o {M_@_ 1 - cos®B. Me : Mp-
My 4 1= cosa | Mﬁ {4fﬁ( 4)}% ' M
- | No. Z" : N No. 1"
L Tdeal cese (flg. 25a) | (flg. 25b) | (fig. 25¢)
0 0 ﬁ --------------------- 0
10 .0076 o 0.01. 0.0L ~ | ~—ec——eeieeee
20 .030 E .ol 07 06
Lo 117 3 12 .30 20
60 ,250 | .28 - .38 37
80 s 113 i L2 .5 Al
100 | .588 . , .59 .52 .64
120 | - 750 ' <15 .56 .69
140 | .883 82 .73 .86
160 .970 | .90 .83 .92
180 1.00 1.00 -i{- 1.00 1.00
200 .970 i 1.02 93 | 1.00
220 .883 : ] ", 82 L .96 S -
240 | .750 . W81 i 79 L WTh
260 | 588 \ .58 il . .60
280 | - 413 " .49 56 . L .ls
300 | 250 - o .34 49 . .3h
320 | 117 : 16 .31 .19
340 .030 ; .08 ; .12 .05
350 .0076. | 02 .01 R
360 |, 0 e P 0
. i J : P i
TARLE iﬁII
1 ! ' P
Yumber of | Pz | Py .| Pp=  + Pyz ’ P
rings ! (kg) (kg) J, C o (kg) ' (perceht)
T T O 1
" | -0.054 | -0.809 " 0.811 L 3.0
& b +,108 -.378 - 4393 P 1.6
12 | +.056 +.089. |  ° .10bk 1.8
- , ;_ — . FI : -
_
=0 P ’ P, = bR‘[ Py sin B df¢ P = DR fp_e as
, 0. ‘ Oa'rr o

(o)
N
—

Py cos gde tﬁ 2 Bbppn

Pt
0,
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TABLE XVIIT~ B
N £ . . D ( ) . Pm’ﬂ.O
No. of rings ) \em) | Pmon Prmno . )
L 12,7 |vo0.853 | 0:786 | 0.92
7" - 12.7 756 | .72 | . .95
12 ~ 15.00 . +360 .335 .94
Ppn DBean préssure intensity or mean spring.power measured by.the ring tester
Puno mean spring power measgured by the ordinary method in which the ring is
compressed by winding a thin band about the ring gurface
TABLE XX
No. of rings Heat treatment
1 Ring seme as Nb. 1 in table I.
1! Ring No, 1 annealed at 300° C for 2 hours.
N Ring No, 1' annealed at 300° C for & hours.
2 Ring same as No. 2 in table I.
21! Ring No. 2 annealed at 200° C far 3 hours.
2" Ring No. 2' annealed at 300° C for 2 hours.
an Ring No. 2" annealed at L00° C for 2 hours.
ann Ring No, 2™ annealed at 550° C for 2 hours,
7 Ring same as No, 7 in table I.
Tt Ring No. 7 annealed at 300° C for.2 hours.
™ Ring No, 7! annealed at 300° G for & hours.
TABLE XXIX.- SPECIFICATION OF SANMPLE RINGS NOS. 34 to 43
No. of | oy | Manufac—~ -
rings D {cn) | b (em) | & (cm)-p Pono (kg/em®™) Remarks tarer
34 €.89 | 0.477 | 0.296 0.57 (1.P.C.R.)
35 .89 L7k .336 1.04 Left as cast (P.R. Co.)
36 .89 634 .320 .87 | Hanmered (Brico)
37 g8.89 | 574 .352 1.02 Bammered | ————mem—mm
38 &.89 it .335 1.04 | Left as cast (P.R. Co.)
39 8,89 | .u7h .352 1.02 Hammered . | —————me——o
Lo .89 Ak .316 .89 Left as cast (P.R. Co.)
41 8.89 634 .322 .88 Hammered (Brico)
L2 8.89 77 .29% .56 (I.P,C.R.)
L3 8,89 L7l .256 = Y (U ——

(Specimens are all virgin rings of cast iron.)
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TABLE XIX.- SPECIFICATION OF SAMPLE RINGS NOS. 14 to 32
Diam. of | Thickness Gap 7
No. of | cylinder| (mean) Breadth | length| > o%® oF Remarks Manufac-
rings | .D (em) t (em) b (cm) | v (cm)| 82P-ends turer
14 12.70 |7 0.392  { 0.793 | 1,65 { 'Stepped | Same as I.P.C.R.
. Yo. 7 (Japan)
15 12.70 406 .793 1.74% | ~—~—do~m— Same as P.R. Co.
- No. 1 (U.s,4.)
16 12,70 435 .793 1.28 | «m—~d0~~- | Hammered A.H.P,R, Co.
(U.S.4.)
17 12.70 460 .798 1.46 | Diagonal Same as
(45°) No. 6
18 8.89 .320 473 .82 Stepped I.P.C.R.
(Japan)
19 8.89 351 473 .80 | mw-do~~—~ | Hammered A.H.P.R. Co.
(U.5.4.)
20 8.89 .295 JU73 1.10 | Diagonal MeQ.-Nor. Co.
(459) (U.s.4.) -
21 8.50 .335 .ug7 .70 Stepped I.P.C.R.
(Japan)
22 12,0 Lo7 197 .85 | Diagonal Do.
(30°)
23 8.89 .336 473 .98 Stepped P.R. Co.
(U.s.4.)
L . .230 . . e dme—. | Beccentric Buick
2 8.57 .361 168 53 do type (U.5.4.)
- . .271 Diagonal Ford
24 9:560 {;3u9 .623 .86 (450) (U.5.4.)
26 10.15 .628 1.50 | ---do——-~ Specially Reus Co,
constructed| (U.S.A.)
27 12.0 10 .198 1,10 | -=—do~—~ | Hammered Lorraine
(France)
28 12.0 .365 .596 1.45 Stepped | —~—~do~——=m Benz
(German)
29 12.70 437 794 1.25 | Diagonal | ——~d0==—m- Brico
‘ (45°) (Bngland)
30 14.0 Ly 97 1.96 | ~——do=—~ | ——=d0=——wm Daimler
(German)
31 13.8 .3u5 .697 1.77 Stepped | ---do=~——- N.A.G.
, (German)
32 9.03 .345 .625 1.30 | Diagonal | Scratched Woseley
(30°) (England)

(Specimens are all viféingfingé;excepg the 1.P.C.R. ringéj several pieces
as obtained in the Japan market may not be representative of all others,
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"TABLES
~ XXII (Fig. 49)

XXIII (Fig, <)

XXI (Fig. 49)
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XXIV (Fig. 49)

SHRALBRRRIBILYLH2T

-------------

HAOOASHOSOImSHHOSSS

p-'—O'857

-------------

S8gY2528Y2227E8E

HEHOOO MmO O mOOSS

pum=0-865

-----------------

------------------

Pmn=10-365

SIRIRLB/YRIFIIVE2

HOOOOOMMHMOOOMHOQOmOD

SR232LLRBIRITLBSR

HOCQOOMHMMOOO™MHOQOHO

0° |dem.)|Fikg.) | p(kg./em?.) ||d(em.) [Fikg.)| p(kg./emt.) || dem:)|Fikg.) | p(kg.fem?.)

>R3B22RBBRRSRISRS

v =t it v meM

" ‘Ring No.1# ~

" RingNe.

_Ring No. 2¢/



ATRAToAa

1057 53

I Memorandum No.

NACA Technica

Values shown in Tables 26 and 26/ are the results of the measurements of the ring

No. 1”7 in the following states a and b ;

SONNN

=

b (Reversed)

TABLES

XXVIII (Fig. 23 & 51)

XXVIL (Fig. 61)

XXVI/ (Fig. 22)
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TABLES

XXXI (Fig. 56) XXXII (Fig. 57)

XXX (Fig. 65)

SEBEnLRIRBILILIRG

Prn=1.01

BERRISBRIGIRIEYIIR

A== H e DD < D
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=1.03

Pmn
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Ring No. 45, D=12.70cm. Ring No. 46, D=12.70cm.

12-70 ecm,

Ring No. 44, D
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TABLE XXXITT '(fig. 58)

58

RELATION BETWEEN THE MAXIMUM PRESSURE AT THE END OF THE

COMPRISSION STROKE AND THE NUMBER Of REVOLUTIONS OF ENGINE

No. of rings 3 No. of rings 4 - No. of rings 7

Maximum pressure Maximum pressure Maximum pressure
rpm | % (kg/cn®) o (kg/cm®) ¥pm (kg/cm®) Remark
140 30.2 140 29.9 11 30.2
190 32.5 1&2 32.i 283 33“8
236 33 247 53 247 34.3 i
267 3.6 261 31,3 292 3,5 Lubricent
308 35.4 300 34,5 324 35,5 poor
333 35.6 32l 35.6 361 36.2
353 | 36.1 365 36.2 390 37.1 in
ﬁog : 36-gL ﬁ 36.9 329 : 3;2
L4 I 1 373 55 38.
Log | 37.7 I 37.7 490 3.8 all cases
U621 33.0 he2 38.1 521 39.0
500 38.3 490 78,4
521 38.6 510 38.7

522 39.0

TABLE XXXTV (fig. 59)
RELATION BETWEEN THE MAXIMUM PRESSURE AT
COMPRESSION STROKE AND THE TNTENSITY OF PRESSURE OF THE RINGS

THE END OF THE

Xind of rings (kZ?%ma) M3X1T§2/€;S§5ure Tpm Remark
0.948 25,9 130
2 912 26.0 130
RYe) 25,2 132
.257 25.4 134
0.840 26.9 131 No
as .768 26.7 132
.527 26.9 132 lubricant
0.619 25.8 132 ‘
by 562 25.9 132 -
o s 25.8 132
all cases
0.675 25.9 132
5 .60l 25.9 132
2 Ji61 25.8 133
.210 25.8 135

*The mean spring power Pp,

within the cylinder.

of the rings is diminished by annealing
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TABLE XXXV (fig. 61)
RETLATION BETWEEN THE MAXTNMUM PRESSURE AT THE END OF THE

COMPRESSION STROKE AND THE NUMBER OF RINGS

: Maximum pressure Condition
No. of rings (kg/em®) rpm of oil Remarks
0 8.9 134
1 27.2 131
2 27.2 130 none
4 27.3 126
6 27.2 120
0 10.2 137 Xind of rings is
1 28.8 134 az
2 29.7 132 . poor
)4‘ 29.9 131 pmn = 0.8 to 0.9
ke/ cm?
1 31.6 133
2 3%.2 133 rich
4 33,4 132
TA3LE XXV
RETARDATION OF THZ AIZULAR VIIOCITY OF TFE ZLGIIE AFTER
THE DRIVING BELT HAS BZEK RIIOVID
. [
?:22) w (rad/scc) oil poor w (rad/sec) no oil -
Ring 3 Bing 3 Ring 7 Ring 7 Ring 2 Ring 7
o) 57.1 57.1 57.1 57.1 57.1 57.1
1 57.1 57 .1 57.1 57.1 57.1 57.1
2 52,4 53,7 Bl 6 53.1 54,6 54,6
3 ug L Lol 50.4 49.0 5l.3% 50.3%
U bl g U6.5 45.5 U5.5 Lg, L U6.5
5 4.8 4,8 41.8 43,3 45.5 ho
6 9.2 1.8 37.0 33.2 43.3 %8.0
7 35.9 40.0 34.9 35.3 40.6 3Ll
8 34.9 37.0 32,2 33.1 38.1 32.2
9 32,2 3545 29 9 29.5 36.4 28.6
10 29.9 33,6 27.3 27.3 33.1 25,1
11 7.7 22.9 oL, 2 24,6 30.6 22.4
12 25.6 29.2 20.9 21.6 22,6 19.6
13 4.2 27 .3 18.5 19.3 26,7 17.9
14 2.3 256l 16.5 17.2 2h.1 ——
15 19.6 23,2 ——— —— 21.6 ——
k kg = 0,194 ko= 0,262 ks = 0,199 k, = 0.281
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TABLE XXXVII
RETARDATION OF THE ANGULAR VELOCITY OF THE ENGINE AFTER
THE DRIVING BELT HAS BEEN REMOVED
?iﬁi) w (rad/sec) oil rich
Ring 2 Ring 2 Ring 7 Ring 7
0 57.1 57.1 57.1 57.1
1 57 el 57.1 57,1 . 57.1
2 54.6 54.6 546 . 557
3 F2ek 52,4 524 B2.U4
L 50.4 51.3 43.0 50,4
5 Lg L Lg, 4 ug.5 g, 4
6 5.5 bWyl uz.5 4.8
7 U1 L, g .8 . b1.8
8 o4 42,3 39.2 39.2
9 40.6 40.6 37.0 . 37.0
10 39.2 39.2 34.9 . 34,
11 37.0 38.0 32.2 . 32,2
12 34,0 34.9 30.6 30.6
13 33.1 33.1 28.2 . 28.6
14 .Y 31.4 26.2 . 26.2
15 ——— —— 2u,6 oh.2
ks = 0.150 k., = 0,190
TABLE XXXIX
Value of k
No. of rings Piston | Bearing kg kp Ko = Ky g
0il only only k., k.,
7 (k72){ 3 (ka) | 2 (ka) (kp) (ky) (percent) | (percent)
Rich| 0.192 | ~=mm=—m 0,150 |==r—mmm 0.050 - = 21.8
Boor | .262 | 0.19Y% | —eewem]| 0,097H |  —me—m—e 62.8 26.0
None | .281 = .199 L0998 | ~mmmee IR 29.2




NACA Technical Memorandum No. 1057

TABLE XXXVIII
RETARDATION OF THE ANGULAR VELOCITY OF THE ENGINE AFTER

THE DRIVING BELT HAS BEEN REMOVED

. w (rad/sec)
flme) . Without ring
sec Bearing only 0il poor No oil
0 57.1 57.1 57.1
2 57.3 57.1 - 57-1
N Bl 6 R 5k.6
6 53,1 49.0 50.6
8 GERT "u6,5 L8.6
10 50. 1 U4, g ul.g
12 hg, u1.8 h1.8
| 4. 39.2 39.6
16 46.5 ' 37.0 38.0
18 4,8 3k.9 3545
20 43.3 2.2 J2.2
22 Lo 1 30,6 297
ol 40,6 27.3 28.0
26 39.2 25,3 2543
28 3942 23.7 2h.2
30 | 37.0
32 3565
3L 34.9
36 34.0
38 33.1
Lo 314
ky = 0.050 k, = 0.0974 | Xk, = 0.0998
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TABLE XL~

MAXIMUM TENSILE STRESS (APPARENT) OF THE PISTON RINGS UNDER

WORKING CONDITIONS

No. | D (em) | b-(em) | 1 (em) | t (em). ]pmn (kg/cmz) Omax 4 ke/cm?)
3 12.70 0.793 1.70 C.lh27 0,924 . 2372
4 12,70 .600 1.61 L3 - LOIl 2178
7 12,70 .793 1.65 427 - .822 : 2110

11 © 8,89 635 .86 2315 - . 850 1o 1961

12 15,00 .340 1.80 N To 360 925

13 58.90 1.900 3.25 '1.795 « 351 : 1100

19 8.89 73 .80 .75, 974 1804

24 8,57 168 .53 .361 - .826 . 1340

25 9.50 .623 .86 .349 - .810 ; 1737

27 12.00 .198 1.10 40 - .598 o 1486

28 12.00 .596 1.45 .365 - 520 o4 1637

30 14,00 A97 1 1.96 Jdaz o .565 1 . 1855

31 - 13.80 © 697 1.77 345 .317 ' 1466

32 9.03 .625 1.30 - 345 - 1.24 5 2us4

33 14,60 .237 2500 507 .910 . 2188

bt Thickness of the side Jabt onbos1te the gap end

P lMean spring power or mean pressure intensity measured by the ring
tester in case of the rings Nos. 3-:to 13 and by the ordinary method,
the ring being compressed by a thin band, in 'case of the rings Nos.
19 to 32.

o Maximum tensile stress calculated bj the formﬁla of curved beaﬁ,

max

3Pun D* 1
ta

—

Onmax t &

. £
14+ 5
*t5
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TABLE X1I (fig. 65)

SPECIFICATION OF SAMPLE RINGS NOS. 47 to 79

D(em)| ¢t (em)| b (em) | 1 (em)| Gap form Remarks ManuZac—
turer
5.08 0.218 0. 47l 0.50 Stepped | Left as cast P.R. Co,
6..50 .260 .396 .90 Di?gog?l Hammered | Fiat
)y |
6.98 .269 L7k .95 Stegped = U,S.A.
7.32 .286 .312 .84 —~~do——— | Left as cast Chance Co.
7.62 .280 L7k T4 ~redOmmm | ——edOmmm e P.R. Co.
7.62 .275 472 .96 ST, 1S PSRN VY ' SOV S .
7.62 .290 .200 .62 | Diagonal | - - ———
(Ls9)
7.62 .268 66 ! .84 Stepped | Left as cast ¥. & H. Co,
7.62 .278 366 .75 | ---do--- | Hommered | = ——=r——-——-
7.62 .289 .316 .66 Straight ; Izegal
8.00 .302 497 .80 Stepped | | —mme—mem—ee
8.25 .303 .315 5 | emmdom— 1 e
g.25 .310 480 1.10 ~——(O=—— | Hammered U.S.A.
8.50 .320 497 .82 ~edo=—— | | e
8.89 <360 BRIV .62 ~~-do-~-~ ! Left as cast U.S.A.
9,00 .294. .396 1 1.1k Di?iog§l } Hammered German
i | 5 i
9.00 | .289 | 745 .90 | cemdomem ' Tovata
9.26 .319 75 71 Stepped | Hammered |  —memme——e
9.40 . 306 Ak .90 SR, SN, S  § Su—— | U.S.A
10,00 .282 7l .82 | Disgonal | I Tobata
‘ ! (45o) | '
10.00 | .327 648 |, 1,02 | Straight | | Ikegai
10.50 ,  .357 2397 | 1.43 Di?ﬁog§l 3 Hammered | German
f ! i 5
;11,40 ¢ .393 ;. W373 bo1.u5 Straight § | Rolls-Royce
. 11,50 0,350, .h97 1 1.02 tepped | A
' 11.50 2356 ¢ WTHS | 1.4 Diagonal i | e
i : ' (45°) | |
I 12.,%0 My o a1s1 L 1.20 Straight | | Siemens
. 12.70 524 0 Lolig 1.35 mee O]  Hammered | Tkegai
i 12.70 Az1 0 793 1.60 Stepped | Left as cast i P.R. Co.
. 14,50 ¢ .hog . L37h 1.50 Diagonal i Siddeley
| | | (B0 -
' 15,20 490 . .950 1.80 | Stepnmed | Left as cast ; P.R. Co.
' 15.20 450 | .m0 2.20 | Diagonal Eammered |  Niigata
| 16,00 - |  .604 } .995 1.95 Stepped | e
1 . ' — E
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Fig. 1. (Mechanical device)

Fig. 2. (Mechanical device)
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Fig. 4. (Ring Tester of Type I)
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Fig. 6. (Ring Tester of Type II)
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(Type 11)
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(Ring Tester of Type III)

Fig. 7.
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.m Total force #(kg)
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el Figure 9.- (Calibration curves).
m !
P'mn
N —2(9)
1.0Rx .
—~ N2 — o < No.3889.3
& e o e < x No.3986. 2
B o, ; - 10.4089.0
a0 — < X *No.41B82.6
) B
0.6 T
= s 4 > i 0. 4289.1
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0 4 8 12 16 20 24 hr
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Total hours and numbers of re-
peated annealing (3000C)

Figure 54.
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Fig. 10. (Table III)

P = 1.89 kg./em?,

P2 = 0.12 »
Pmn= 0-964 ,,
r =16.7

Fig. 12.
» =
P = 0-09
Pmn = 0-974
r =30.1

— Pmax

Pmin

(Ring No. 1)

(Table V)

2.71 kg./em?,

1 24
’”

(Ring No. 3)

1057

Figs. 10,11,13,13,13

Fig. 11. (Table1V)

»y = 1.87kg./cm?,

P; = 020 ,, (Ring No. 2
Pmn= 0-980 .

r =106

"

(Table VI)

Fig. 13.
»1 =3-00 kg./cm?.
P2. =008 .,  (Ring No. 4)

Pmat =0-864 ,,




Fig. 14. (Table VII) Fig. 16.

=38.78 kg./cm?. (Ring No. b))
Dy 0B o (Ring No. 5)
Pm=0-892 7]

ﬁﬂ

Fig. 17. (Table IX)

: =1.26 kg./em?®.
Fig. 16. (Table VIII) o o4 g”/cm (Ring No. ™
Py =b-40 kg./em?. ) pmn=0-822

ps =011 (Ring No. 6) r =11
pm-n_=0-820 >
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1 = 0-94 kg./om?
55, = 012 5" Ring Nov
pﬂlﬂ- 0'507 »”
r = 7.8

/ = 1.13 kg./cm?,
;ﬁ;/ = 0.02 g.. (Ring No. 9)
p'ml- 0'502 ”
r =586

Fig. 18. (Table X~XII)

=1.6b kg./cme,
ﬁ; =0- ’” (Ring No. 10)
Pmn=1.06 19
r =1.9

Fig. 20. (Table XIV)

P =2-11 kg./em?. Py =0.636 kg./cm?
P =008 (Ring No. 11) P2 =0.206 ° (Ring No. 12)
Pma=0-850 ’» . Pmn=0-360 ”»
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Fig. 21. (Table XV)

Fig. 22. (Table XXVI~XXVI’)

m =09656 kg./cm?, = 1. 2
p; =0-08 ,, (Ring. No. 13) P = (1)?2 kg.fom?. Ring No. 1)
—0.351 (©)-- P2 " e o
Pmn=0- ’ 1 pmn—= 0-867 ,, annealed at 300°C
r =109
py = 1.68 kg./em?2,
pe = 014 (Ring No. 177)
(.)...{ ’ " =. 0.848 »
r =129

Fig. 28. (Table XXVIII)

Py =097 kg./em?,

D2 =0.54 » (Rin No. 71/
pmsg-g&; »» annealedat3d

r [ 3
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Fig. 25. (Table XVI)
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Fig. 27.
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Figs. 28,29

7

Fig. 28.

Fig. 29,

No. 14, (I. P, C. R. or * Riken ")
D=12-70 em.

~ {+0-021 mm,
°’{—0-023
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Fig. 80.

Fig. 31.

No. 16

D=12.970 cm.

& +0.1956 mm.
—0-177 ,
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Fig. 32.
No. 17. (Made by the simplest method)
D=1267809<8:m.
+ . mm.
"'{—0-672 "

Fig. 33.

No. 18, (1. P. C. R. or * Riken?)
D=8-89 em.
ar{-t0:019 mm.

-
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Fig. 34.

No. 19.

D=8-(8)9 gan
+0.120 mm.

a7’{—0-112 .

Fig. 35.

No. 20.

D=8-8910m.
-+0-144 mm.

87'{—0-113 .

Figs. 34,35
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Fig. 36. Fig. 387,
No. 21. (I.P.C.R.or ¢ Riken?’) No. 22. (I.P.C.R. or ‘Riken?)
D=8-gOOcm. D=126008m.
+0:022 mm, +0-060 mm.
8"'{ -0-025 ,, 71 =0.065

Fig;° 38.
No. 23,
D=8.89 em.

+0.-0906 mm.
5’{—0.129

2
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No. 25b. No. 26.

D=9-80 gén D=1061350gm.
+0-183 mm. +0. mm.

ar —0'169 1] ar{—0°277 "

ar{ 0008 . No. 28.
D?12601ggl.
Sr +0-. mm.
~0.118 ,,



NACA Technical Memorandum No. 1057

Fig. 44
No. 29,
D-1267g4§m.

+ e mm-
"'{—0-205 .

Fig. 46. Fig. 47.
No. 31. No. 82.
D=1368O O(c)m. D=9.03 cirgn.

+0.400 mm. « _4+0.-238 mm.
6"{—0.348 . "{ —0.185 .,
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Fig. 48. (Ring No. 26)

Dia.ofeyl...ooovvines 660 mm
Running interval ....about 3 weeks.
Kind of rings ........ hammered ring.
Thickness : —
initial...... uniform...... 31-8 mm
L. fmax. .ol 20-8 ,,
final.... Imin. ........ 2.5 ,,



Figs. 49,50,51

Fig. 650. (Table III & XXV)

(kg./em?, r
o No.1 o564 ) ia
e No. 1/ 0-866
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Figs. 55,56,57

Fig. 56. (Table XXX)
p; =1.61 kg./em?,
Py =046 ,, (Ring No. 44.)

pm=0'927 ’e
r =37

Fig. 57.
71 =149 kg./em?.

pe =060 (Ring No. 46)
Pma= 1.01 ””

/r =24

After being used for half
...8 year at the top of the
piston of a Diesel engine.

~P 7 . Ring No. 45... After beinﬁ u;egffor hal.llf
Fig. b56. a year at the 3rd from the
'g. 56. (Table XXXI) top of the piston of a Die-

pr =1.99 kg.Jem?, sel engine.
P = i) gg » (Ring No. 46) Ring No. 46...After being used for half
R S a year at the 5th from the
T top of the piston of a Die-

sel engine.
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Max press at comp stroke
(kg/ cm®)

Figs. 61,62

Time elapsed when the re-
tardation takes place (sec)

flgure 62.,

o1 T B
v/ b ' N
VA
// O Iub oil rich
/’/ 4 Tub oil poor
/Af © TLub oil none
/A
0]
1 2 3 4 5 6
No. of rings (130~-135 rpm)
Figure 61.
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