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TECHNICAL NOTE NO. 12Lg

A STUDY OF PISTON-RING FRICTION |

By James C. Livengood and Chapin Wallour
SUMMAR™

- A series of tests was made with a special engine equipped with a
crcsshead and an elastically mounted combustion cylinder. The appara-
tus permitted the isolation and measurement of the friction forces
existing between the piston rings and the cylinder wall during opera—
tion of the engine. Various combinations of piston—-ring and cylinder-—
sleeve materials were investigated in addition to the effects of several
engine operating conditions.

It was found that under the conditions of the tests the use of a
porous chromium—plated cylinder caused slightly greater ring Ifriction
than a smooth steel cylinder and that a porous chrome-plated top piston
ring likewise increased the friction, although to a smaller degree. It
was also found that piston-ring friction increased with increased engine
speed and with increased manifold pressure, but decreased with increased
cylinder Jjacket temperature.

INTRODUCTION

The investigation described im this report is a continuation of the
work begun by Forbes and Taylor (reference 1), who isolated the combined
piston-ekirt and piston—ring friction in an operating engine by means of
a special apparatus, Forbes and Taylor were able to demonstrate that
the piston and ring friction increased with increaged oil viscosity and
increased slightly with increasing indicated mean effective pressure.
The combined piston and ring friction was greater at higher values of
engine speed. These results were of a preliminary nature, however.

The work reported by Leary and Jovellanos (reference 2) extended
the use of the original apparatus to show that piston and ring friction
decreased quite rapidly during the first hour of running (starting with
new rings and cylinder) and more slowly for an extended period
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thersafter. An interesting result of this investigation was the observa-—
tion that the friction work measured during the process of ring-scuffing
was not greater than that for normal operation.

The results of these previous investigations appeared to show that
the technique developed was sound and could yield useful information.
t wae decided, therefore, to extend the studies to include additional
variables (such as ring and cylinder-barrel materials) and to check the
original results of reference 1.

In the interests of isolating the variables as completely as possi-
ble, however, it was decided that the apparatus used in the tests
reported in references 1 and 2 should be changed by incorporating a
crosshead. This modification would permit operation of the engine
with only: the piston rings in contact with the combustion cylinder.

A further change in the apparatus was the use of much gtiffer 41—
aphragm springs for the combustion-cylinder suspension. The object of
this change was to increase the natural frequency of the cylinder and
thus improve the detail of the friction records obtained. This increase
in stiffness of the measuring system required a more sensitive recording
device, and consequently an electromegnetic arrangement was substituted
for the original optical system.

The foregoing changes in the apparatus were incidental to investi-
gating the effects of engine speed, load, and cylinder temperature on
piston-ring friction. This investigation waes conducted at the
Massachusetts Institute of Technology under the sponsorship and with
the financial assistance of the National Advisory Committee for

Aeronautics.

The authors are indebted to Mr. W, A, Leary and Mr.
J. U. Jovellanos, whoge previous experience with the apparatus was in—
valuable; and to Professors E. S. Taylor and C. F. Taylor for criticism

and advice.

DESCRIPTION OF APPARATUS

Engine

Cylinder and cylinder head.— The method used in this investigation
was basically the same as the method used by Forbes and Teylor (refer—
ence 1) and leary and Jovellanos (reference 2). It consisted in
elastically mounting the combustion-—cylinder sleeve 8O that friction
forces between the sleeve and the piston rings could produce a small
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motion of the sleeve parallel to its axis. The motion was recorded . -
during operation and provided a measurement of the instantaneous
friction forces.

Figure 1 showe the cylinder and crosshead assembly. The light
cylinder eleeve was clamped on the imner circumferences of two annular
steel diaphragm springs. The outer edges of these diaphragms were '
clamped to a heavy cast—iron cylinder. The space between sleeve and
cylinder formed the water Jacket. The clamping was accomplished by the

cylinder head at one end and a steel plate at the other.

The cylinder head was provided with unsplit junk rings which, to—
gether with oil supplied under pressure, formed a seal which effectively
closed the compustion chamber against gas leaksge. These rings had ap-
proximately 0,002 diametral clearance within the sleeve. The Junk—ring
grocves were deep enough to allow the rings to center themselves prop—
erly with the sleeve, The lands between the junk rings had a diameter
small enough to ensure that there was no contact with the sleeve.

Vent holes were provided in the cylinder head to allow oil and
gases which leaked past the junk rings to escape and thus avoid a rise
in pressure above the upper diaphragm. In order to reduce such gas
leakage to a minimum, a metered supply of oil was introduced under
pressure into a paseage leading to the Junk-ring grooves. Most of this
oil escaped through the leak--off passages above the diaphragm, but some
found its way into the combustion ‘chamber and onto the cylinder wall,
where it provided piston-ring lubrication. The cylinder head was cooled
by cold water flowing through its jacket passages. Low temperature of
the head was desired in order to keep the oil viscosity at the junk
rings as high as possible.

Two epark—plug wells, which are shown in figure 2, were sealed off
from the Jacket coolant by rubber seals which exerted no appreciable
constraint on axial motion of the sleeve,

Crcsshead and piston.— A water—jacketed crosshead cylinder was in—
stalled between a CFR crankcase and the cylinder assembly described
previously. An aluminum-alloy crosshead, operating in this cylinder,
carried on its upper end a special piston. (See figs. 1 and 3.) ©Since
no wrist pin was required for this piston, the central portion was re—
duced in diameter to decrease weight. The crosshead and piston
assembly was designed so that during engine operation only the piston
rings touched the upper, or combustion, cylinder sleeve. Two oil seals
were installed below the combustion cylinder. The upper seal prevented
the oil and gases which leaked past the piston rings from escaping into
the crankcase. These products were led out through passages above this
seal and thus could be measured. The lower seal helped to prevent the
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crankcase oil which lubricated the crosshead from contaminating the
lubricant supplied through the Jjunk rings to the cowbustion cylinder.

Sleeve-motion measuring apparatus. - In order to obtain more detail
in the friction records, the diaphragm system was made approximately
thirty times as stiff as that used in references 1 and 2 by making the
lower diaphragm spring 0.075 inch thick instead of 0.018 inch, as pre-
viously used. The upper spring thickness remained at 0.018 inch. The
measured natural frequency of this stiff system was about 1100 cycles
per second, and the spring rate was approximately 815,000 pounds per
inch,

The increase in stifiness maae it necessary to use a more sensitive
method of measuring sleeve motion. Accordingly, the optical system used
previously was removed and an electromagnetic pickup was substituted
(fig. 4). This device was connected to an impedance bridge circuit
(fig. 5), which was supplied with carrier voltage of 5000 cycles per
second. The output from the bridge, which was adjusted both in ampli-
tude and phase to a nearly perfect balance, was amplified and applied
to the y~axis deflection amplifier of a DuMont Type 208 oscidlograph.
During engine operation the motion of the cylinder sleeve changed the
position of the armature in the pickup unit and thus changed the balance
of the bridge circuit. The edge of the resulting modulated carrier wave
was centered on the oscilleograph screen and photographed for a permanent
record of the sleeve motion. Such photographs were made by turning off
the electrical sweep provided in the oscillograpn and projecting the
image of the trace onto a film which moved with known speed at right
angles to the direction of motion of the trace. Figure 6 shows the
measuring equipment schematically.

This method of recording the sleeve motion proved to have adequate
sensitivity for measuring the extremely small deflections involved (20
or 30 microin.,). Calibrations were made by loading the sleeve—diaphragm
assembly with test weights and recording the trace deflections observed
on the cathode-ray tube. The celluloid cross—section screen which was
inserted at the tube face for this purpose was left in place when photo—
graphs were made during engine operation. The resulting horizontal
lines appearing in the friction records establish a force scale which is
convenient in interpreting the results. The top dead—center position of
the engine cranksheft was established by a neon lamp which flashed once
per revolution of the engine crankshaft. Light from the lamp illu—
minated a slit, and an image of the slit was focused on the bvack of the
film as it passed through the film gate in the camera,
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Other Apparatus

Fuel-air mixture was supplied to the engine from a steam-jacketed
vaporizing tank, and the exhaust gases were cooled in a surge tank be-
fore passing into the laboratory exhaust system. Inlet and exhaust
pressures were measured in these tanks., Tewperatures were measured
with mercury-in-—-glass thermometers with the exception of the lower
cranlicase o0il supply, which was measured by a vapor-pressure thermom—
eter, All accessory fuel, water, and oil pumps were driven by electric
motore. Engine torques were measured by means of a cradled electric
lyramcmeter and a hydraulic scale.

PRCCEDURE
Run-in Tests
The first part of the experiments coneisted of run—in tests to

determine the variation of ring friction with increasing running time.
Three combinations of rings and cylinder—sleeve materials were used in

these tests as indicated in the following table. The numbers 1 to 5 in

the second column refer to location of the rings on the piston, the top
ring being number 1.

Cylinder—slee#e material Rings
A. SAE h1ko 1. Straight~faced compression
2. Straight-—faced compression (fig. T)
| 3. Straight-faced compression
4. Beveled oll scraper (fig. 8)
5. No ring used
B. SAE h1ko 1. Porous chrome-plated straight-faced

ccmpression (fig. 9)

2. Straight-faced compression
3. Straight—faced compression (fig. 7)
4, Beveled oil scraper (fig. 8)
5. No ring used
(615 Van der Horst porous 1. Same as in A
chrome plate D Po,
Sie Do.
k. Do.
i L0 8, Do.
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The rings used were of cast iron with a Rackwell hardness on the D
scale of L4O--50 and the following approximate composition:

Tokal earbon, peyeent, . ', « + & « %

DRHGEOI NEMOORDTE . o o' o v s sroer s e eite
Sulllpirel pemcomtil, L TV L L . v el e e e e
Fogphooug, SmeRCeL L “ . o » o . b 5w b
ManNSeneSe WpORCeRT v . o s v s 000 el

Mol hdenumM I EarConT .« o s « " s 0 e e

GhreonimmasRergent |, . L . % 0 sew s ihs o
Coprer, percent P © 1 R )

SR o Ll O h0-0. 80
AR e SRR O 0= [ TO
; . 0.20-0.40
(eccordwng to section)

The piston rings used are shown in fignres 7 to 9. The tension, gap,

and surface—finish data for individual rings
Diametral ring tensions were measured before

appear in tables I and ITI..
and after each run-in test

by means of the device described in reference 2.

Before eech run the SAE 4140 barrel was lapped 50 strokes with 600
emery using an old piston and cast—iron rings as a tool. After thorough
cleaning, a lacquer replica of the surface was made, and the surface =

condition was measured with & proi'ilometer.

The porous chrome barrel

was not lapped, but was run in the condition as received from the man—

ufacturer, that is, with a honed surface.

Before the combustion—cylinder sleeve assembly was installed on the
engine, the motion measuring apparatus was calibrated by loading with

test weights.

Prior to each run—in test the apparatus was thoroughly cleaned and

flushed with fresh oil.
the following conditions:

ter assembly the run~in test was made with

Hogdae speed, Bpm | SNl O, 1200
Fuel—air ratio D Best power .
Spark advance ety B K Best power.
Manifold pressure, in, Hg abs. ! 3 e AR Nl o LA
Crankcase oil temperature, °COF b e e e L D
0il temperature at inlet to bearings, °F . . . . . 180 2
Crosshead cylinder temperature and
combustion cylinder temperaturé, o R
Inlet mixture temperature, op R
0il pressure, 1b/eq in. o G J L5
Lubricating oil oL A SAE aircrafv brade, no aad¢t¢ves
CSL LT et lOC Je A g SEUE (BRE LC ghs i Y0 LR L 331
S8 sk 2A0°F® 1 L . 3
Specific gravity at 60° F . 0.88
ne o

A.P.I. degrees at 60°

(0il for all runs was taheﬂ f“om.the same barre "
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The engine was run for 1 hour under these conditions, and friction
records were photographed approximately every 10 minutes. The combus-
tion cylinder was then removed and cleaned. Replicas were made of the
cylinder and ring surfaces, and profilometer readings made of the
cylinder surface. The motion measuring apperatus was recalibrated.

The run-in test wes then continued for nine more hours under the
listed conditions with friction records being photographed approxi-
mately every hour. At the end of this period the cylinder and rings
were removed and measured and the motion measuring apparatus recal
ibrated. Thils procedure was repeated for each of the three combinations
of ring and barrel materials used in these tests. Data from these runs
appear in table I. '

Other Tests

In addition to the run-in tests, a supplementary series of tests
was performed to determine the effects of engine speed, load, and cyl-
inder temperature on piston-ring friction.

For these tests the SAE 4140 barrel and ring combination, listed
as A in the first table under Procedure, was used. The cylinder was
lapped end the other measurements of rings and barrel were made as be-
fore. The combination was then run-in as in the previous tests, and
data were taken to serve as a check on the original run-in test. How-
ever, the friction records photographed during thie check run-in were
of no value quantitatively, since the calibration of the measuring
apparatus was uncertain because of the presence of moisture which leaked
into the electromagnstic pickup unit during the test. Nevertheless, the
barrel and rings at the end of this test were in a run-in condition, and
it wasg asgumed that further changes in friction due to changes in bar-
rel and rings would be minor.

After inspection and measurement of the run-in barrel and rings,
the apparatus was calibrated, reasgembled, and run for an hour to
establish temperature equilibrium. Friction records were than made with
the engine running full throttle {manifold absolute pressure, 28 in. Hg
abs.) and throttled (20 in. Hg abs.) at a speed of 1200 rpm. Next, full-
throttle runs were made with cylinder jacket temperatures of 203°, 1800,
150° and 100° F. Following these runs the engine speced was varied from
1400 to 310 rpm at full throttle and a cylinder jacket temperature of
180° F. The engine was then disassembled and the measuring apparatus
calibrated. The results of these tests appear in table II.
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PRECISION OF FRICTION MEASUREMENT

A static calibration of the friction measuring apparatus was macle
before and after each run. If the second measurement wae different
from the first by more than 2 percent, the run was rejected. The
values shown in tables I and II are the averages of measurements made
before and after the run in each instance.
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The determinations of friction mean effective pressure made from
measurements of any one cycle sre, on the average, reproducible within
12 percent., Variations in the shape of the friction record from one
cycle to the next on a given film usually do not appear to be signif— f
icant even when the film is enlarged many timee.

RESULTS AND DISCUSSION
Run—in Tests
Figure 10 shows the values of piston—ring mean effective pressure
plotted against running time. The piston—-ring mean effective pressure

was measured from enlarged friction records in the manner described in
reference 2, and is defined as

Friction work for 1 revolution, in.-lb
Piston displacement, cu in.

fmep =

in ring friction occurred at any time during the running-in period. It

would appear, however, that there is a rather definite trend toward

slightly reduced friction during the first hour or so of running in the

case of runs in tables I(a) and I(b). The values of friction work com—

puted from records made during this period for the chrome--plated 3
cylinder (table I(c)) are not considered guantitatively reliable and

are not shown.

| The data are taken from table I. It is apparent that no large changes
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The data for the remainder of the run—in period show a rather ran-
dom scattering. The cause of this effect is not known, but it may be
due to errors of various kinds (mentioned previously under Precision of
Friction Measurement) or to real variations in engine conditions which
were not measured in this investigation. The investigation reported in
reference 3 mentions a slow rotation of piston rings observed during
motoring tests with a glass cylinder, and suggests that the resulting
variatvions of quantity of oil on the cylinder and piston may account
for the otherwise unexplained periodic variations in the friction of a
running engine. It should be noted, however, that after the first hour
the total ring—friction work for each of the runs of figure 10 seldom
deviates from constant by more than 0.5 pound per square inch equiva—
lent friction mean effective pressure. It appears, in general, though,
that the chrome-plated barrel operated with all cast—iron rings had
the greatest friction, and the SAE L1hO barrel operated with all cast—
iron rings the lowest, The SAE 4140 tarrel with a chrome-plated top
ring gave the most erratic results, but the friction work on the av-
erage 1s intermediate between the other combinations.

It is of interest also that the friction work for the compression
and expansion strokes is considerably more than that for the exhaust
and inlet strokes. This difference is probably due to higher gas pres—
sure behind the piston rings or possibly to differences in oil film
temperature, or changes in distribution of o0il on the cylinder wall.
Some evidence of the effect of gas pressure on lubrication is found in
the tests reported in reference 3 which were made with a glass cylinder
and show that the gas pressure in the engine cylinder influenced the
amount of lubricant on the piston skirt. Exemination of the friction
records of figures 11 to 21 shows that the friction force is greater
during the combustion process, when the gas pressure in the cylinder is
much greater than during other parts of the cycle.

The friction records for the tests are shown in figures 11 to 21.
For these records the film speed was 25 inches per second. The ver—
tical lines extending across the photograph are index lines showing
the top dead—-center position of the piston. With the exception of
record 1E the first stroke appearing at the left is the suction stroke,
followed by the compression, power, and exhaust strokes. More than 2
revolutions are usually represented. The closely spaced horizontal
lines can be used as a force scale, the value of which is ghown in each
instance in tables I and IT under Remarks.

The values of friction mean effective pressure given in table I
and in figure 10 are considerably less than those reported in reference
2. The reason for this difference is probably that the values in ref-—
erence 2 include piston-skirt friction; while the crosshead used in the
present investigation prevented any contact between the piston and the
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cylinder wall. Also, the apparatus of reference 2 provided normal lu-
brication of the cylinder wall; while the engine with the crosshead
received all cylinder lubrication from the cylinder-head end through
the junk rings. The effect of this difference in lubrication is not
known because of confusion with other effects, such as that mentioned
previously. The piston rings used in the present investigation had
tensions intermediate bpetween those of the two types of ring used in
the work reported in reference 2.

The tests of reference 2 showed a more pronounced decrease in
friction during the running-in period than the tests of the present
investigation. It is possible that, in the engine without a crosshead,
the cocking of the piston during running caused the ring surfaces
gradually to become slightly convex. This convexity shouvld favor the
formation of an oil film between piston ring and cylinder wall with a
resulting decrease of friction.

A peculiar effect was produced when the engine was motored. (See
the points marked M in fig. 10.) The ring friction work during the
compression and expansion part of the cycle was reduced, but the fric—
tion during the exhaust and inlet strokes increased slightly. The
reduction of friction during the expansion part of the cycle can be
explained on the basis of reduced gas pressures behind the rings when
combustion is absent. A careful examination of enlarged friction
records showed that the increase in motoring ring friction during the
low pressure strokes of the cycle could not be attributed definitely
to either stroke alone; apparently there are small increases in fric-—
tion during both strokes. These increases may be due to lowered oil
film temperatures or to changes in supply or distribution of lubricant.

Examination.of the friction records shows that the natural fre—
quency of the measuring system is high enough to give a good indication
of sleeve motion even at the ends of the stroke, where an abrupt change
in force is evident. The fact that there is a sudden change of con—
siderable magnitude is good evidence that there is some coulomb fric—
tion when the piston velocity is low. The height of these vertical
discontinuities is a measure of the breakaway value of the static
friction between ring and cylinder wall under the various conditions
of engine operation. The presence of this type of friction is prob—
ably, at least in part, the source of the excitation of the sleeve
vibrations at natural frequency which appear in all the records. Exam—
ination of records 1G through 4G (fig. 22) will show, however, that
the apparatus registered some sleeve excitation even when motored with
no piston rings (cylinder head removed). The cause of this excitation
is undoubtedly the various mechanical impacts and general vibration of
the engine.
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The records of figure 19 indicate that the coulomb friction force
at the ends of strokes was lees pronounced when the engine was throt—
tled (2D) than when operated with full throttle (1D). Record I1F
(fig. 21) shows that this sudden change in force is smaller when the
Jacket temperature is 100° F than when the jacket is operated at higher
temperatures (records oF, 3A, and LF), although the friction work is
increased at the lower temperature (table II and fig. 23).

Records 1E and LE of figure 20 indicate that the breakaway
friction is highest for the lowest and highest speeds used; while the
intermediate engine speeds show lower values of breakaway friction
(records 2E and 3E). At the very lowest speed the partial oil film
at the end of the stroke is probably thinner than at higher speeds. At
the highest speed the changes in supply and distribution of oil plus
the possibility of higher local film temperatures may combine to de--
crease the film thickness, with a consequent increase in breakaway
friction.

Effect of Load

Figure 19 shows the friction records taken with the engine operat—
ing at two different inlet pressures and figure 23 shows the corre—

- gsponding friction mean effective pressure. The reduction in friction

with lower inlet pressure is due largely to smaller friction forces
during the combustion stroke. This effect is probably due to a reduc—
tion in gas pressure behind the piston rings. The investigation
reported. in reference L yielded a similar result when ring loading was
varied. ‘

Effect of Engine Speed
The effect on piston—ring friction of varying engine speed is

shown, in figures 20 and 23. Here the friction work changes in the
following manner: ‘

Proportional increases
fumep, sl

fmep, compres— Variation fumep,
rpn exhaust— sion— of Tmep, | compres—

inlet expansion rpm rym exhaus® gion—
inlet |sypansion)

800 E:23 3.07 800-1200 2D 1.4 1416
1200 1.7k 3.59 1200-1400 1.16 1.6 125
1400 2.74 L .48 8001400 LR 202 1.4%5
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If the rings operate with fluid film lubrication and constant Iilm
thickness and oil viscosity, simple hydrodynemic theory would require
that the friction work increase in proportion to the speed. If the
rings orerate with no lubrication, the friction work should not change
with speed. The changes in work for the compression and combustion
strokes appear to fall between these 1limits. There is indication, how—
ever, that the friction work during the exhaust and inlet s*trokes -
increases too rapidly with speed for the constant—fluid—film theory. It
can be supposed, therefore, that with increasing speed the film thick—
ness during these strokes is decreased. This decrease is probably due
tc insufficient supply or distribution of lubricant on the cylinder
wall, although there is also the possibility of increased local film
temperatures at higher speeds. This would decrease viscosity and tend
to decrease film thickness.

Effect of Jacket Temperature

The effect of changing the cylinder coolant temperature is shown
in figures 21 and 23. An increase in tempercture from 100° to 200° F
reduced the total ring friction mean effective pressure from T.64 to
5.35. The work for the inlet and exhaust strokes decreased slightly
more than that of the high—pressure strokes of the cycle. This effect
can be attributed to decreased viscosity of the o0il on the cylinder
surface, and suggests that there may be more nearly fluid film lubri-
cation when the gas pressure behind the rings is small.

In evaluating the effects of changes in load, speed, and tempera-
ture, it is well to remember that even after the engine had been run
continuously for several hours under constant conditions, there were
random variations in friction which are not explained (fig. 10). This
fact may have tended to distort the actual values of friction measured
while a study of other variables was being made. However, the trends
appear to be reasonable.

Other Results

Blow—by .— The measurements of blow-by rate under various condi-

tions of operation show a random variation. (See tables I and II.) It
is not surprising, however, that the lowest rate recorded during the
entire investigation occurred during operation of the engine with low
manifold pressure. There is some evidence that blow-by is less at re—
duced engine speeds (table II). This observation is not a certainty,
however, because of the variations observed during operation under
"constant" conditions.
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0il consumption.— The amount of oil which passed by the piston

e+ ——

rings and was caught by the upper crosshead oil seal was usually a
very small quantity — too small, in fact to psrmit a very accurate
measurement becanse of the relatively large amount which clung to the
engine parts, In the case of the porous chrome-plated barrel, however,
the quantity was large. It is estimated that the amount was probably

10 times the quantity which leaked past the rings during operation with .

the other ring-—barrel combinations tested,

Figures 24 to 31 are photomicrographe made from replicas of the
ring and barrel materials used in the tests. These show the condition
of the surfaces at the beginning, after 1 hour, and after 10 hours of
running. = The ragged edges of the ring photographs do not represent
the edge conditions of the ring, but are dwe to slight tearing of the
lacquer film when it was lifted from the surface.

CONCLUSIONS

Under the conditions of the tesgts reported in thies investigation,
the results obtained point to the following conclusions:

1. Piston-ring friction decreased slightly with increasing running
time, the greater part of the change occurring during the first hour.

2. The cast—iron piston rings operating in a SAE L4140 barrel had
the lowest fricticn of the combinations tested. The cast—iron rings in
a porous chrome barrel had the greatest friction, and the SAE 4140 bar-
rel with one chrome top ring had intermediate friction. These differ—
ences, howsver, were small.

3. Piston—ring friction increased with engine speed.

L. Piston—ring friction decreased with increased cylinder Jjacket
temperatures.

5. Lowering the manifold pressure reduced piston-ring friction.

6. The oil flow past the piston rings, from the cylinder head to—
ward the crankcase, was much larger when the engine was operated with
a porous chrome-plated rarrel and all cast—iron rings than during op—
eration with the other ring—barrel combinations tried.

Sloan Laboratories for Aircraft and Automotive Engines,
Massachusetts Institute of Technology,
Cambridge, Mass., June 18, 1946,
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TABIE I.~ RUN-IN TEST

(a) Cylinder, SAE 4140; all rings, cast iron

Piston ring fmep
(1v/sq in.)
Blow-by
Run— Brake (cu ft/hr)
!;iif_g Film ](.oad a::f“:fe Remarks
1b) Compression—| Exhaust—
(e Do ove | combustion | inlet | Total
Indeter—
9 minate Start
7 1A 16.6 -——— 3.63 2.37 6.00 Scale of friction
15 2A AT -——— SiE] 2.33 6.06 records, 2.06
2 3A 17.5 S 3.59 2.08 5.67 1b/1ine
33 ba 17 =it 3.54 2:11 5.65
Ly 5A (o1 =i 3.62 2.26 5.88
58 6A -——— 2.68 3.63 2:13 5.76 End of l-hour run
Indeter—
58 AR Start of 9-hour run
85 TA 17.9 - Siehl 2.07 5.38
148 8a 18.6 223 3.4h 2.04 5.48
205 9A 18.0 1.95 3.2 2.03 521D Scale of friction
270 10A 18.0 1.90 3.28 1.60 4.88 records, 2.00
325 1A 18.55 1.9k 3.26 1.60 4.86 1b/line
387 124 18.6 2.27 3.66 2.03 5.69
Ly 13A 18.6 2.25 3.43 1.69 512
504 ) 18.5 1.85 (%) (%) (2)
564 (®) 1.7 1.99 (2) (3) 5
595 (2) 8.7 1.89 (2) (2) (2) End of 9-hour run
1Average blow-by for 9-hour run, 2.07 cu ft/hr.
2Friction records spoiled in processing.
Before l-hour run: After l-hour run = before 9-hour run:
Cylinder profile — longitudinal 1b Cylinder profile — longitudinal 11
microinches microinches
Diametral Replicas made of rings, but no other
Piston tension Profile measurements made, since rings were not
rings (1b) Gep (microinches) removed from piston.
l—compression L.69 0.012 22 0il.— 8 grams burned or vaporized. A
o—compression 4.82 .012 20 — few drops passed the piston rings
3~compression 4.69 .013 23 and were caught by uppsr oil seal.
b—scraper 9.13 .013 27
After 9-hour run:
Cylinder profile — lomgltudinal 5.5
microinches
Diametral
Piston tension Profile
rings (1v) Gep (microinches)
1 4,53 0.012 10
2 4,68 .012 8
3 4,57 .013 10
4 9.hk2 .013 Not measured

0il.— 72 grams burned or vaporized.

Approximately 10 grams passed the
piston rings.
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TABLE I.— Continued

(b) Cylinder. SAE L14O; ring 1, chrome plated

Blow-by Piston ring fmep
Run— Foaie (cu f£t/hr) (1b/sq in.)
ning Film load ayorae: Remarks
z’;imz) (1p) aln:eus Compression— | Exhaust— Total
ier:;izgl combustion inlet
Indeter— tart
0 minate ®
8 1B 173 | —=-==- 4,28 2.16 6.34 Scale of friction
18 2B 178 | —==—- 4,11 1887 5.98 records, 2.07
28 3B 18,0 | —==-~- 3.97 1.89 5.86 1b/line
39 LB 18,0 | ~—=—-—-- 3.89 5L 5.66
50 5B 18,0 | —=—=-- 3.59 1.85 5.4
58 6B 18.1 2.23 3.68 1.85 5.53 End of l-hour run
58 17.6 I&"f‘;’:“ Start of 9-hour run
T B 17.8 1.88 3.43 2.01 5.4%
151 8B 1;.7 12097 3.gg 1.90 531
181 9B 18.0 2.15 3. 1.93 203 :
2o 108 18.3 2.0k 3.5 1.62 5.13 goscon b i
297 118 18.0 2.20 3.80 2.13 5.93 1b/1ine”
360 128 18.2 2.19 (®) (@) (=)
421 13B 18.0 2.24 k.13 2.39 6.52
480 148 18.2 2.20 3.30 1.91 521
540 15B 18.4 2,37 3.35 1.96 55l
596 168 18.9 2.05 3.15 1.42 4.57
606 17B 6,0 | =—===-= 2.20 1.83 4,03 End of 9-hour run

;Average blow-by for 9-hour rum, 2.15 cu ft/hr.

Film broke - record lost.

Before l—hour run:

Cylindexr profile — longitudinal 13 microinches

Piston
rings

l1-compression
Z~compression

3~compressich
Y—scraper

Diametral
tension Profile
(1b) Gap (microinches)
k. k9 0.021 60-100
4,79 .012 27
h.72 .015 35
9.65 .015 Not measured

After 9-hour run:

After l-hour run = before S—hour run:

Cylinder profile — longitudinal 9.0 microinches

Replicas were made of ring surfaces, but no other
measurements were made, since rings were not re—
moved from piston.

0il.— 11 grams burned or vaporized in l-hour run.
T A few drops passed the piston rings and were
caught by the upper oil seal.

Cylinder profile -~ longitudinal

Central portion T microinches
Top portion 45 microinches

Diametral
Piston tension Profile
rings (1p) Gap (microinches)
sl 4,36 0.021 60
2 4,97 .012 12
3 4.57 015 10
L 10.30 .015 Not measured

0il.— Approximately 50 grams burned or vaporized
in 9-hour run.
Approximately 10 grams passed the rings.
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TABLE I.- Concluded

(¢) Cylinder, porous chrome plated honed at factory; all rings, cast iron

Blow—by Piston ring fmep
Run— , (cu ft/nr) (1b/eq in.)
ning Bral average
b biaa %;:? 8itoe Compression— | Exhaust— i ?
(min) :::g:s ctmbustion | inlet ~| W
0 In:;nt:; Start of l-hour run
9 1 16.6 2.88 (N 1 L Scale of friction
20 2C 17.4 1.25 () (&) (i
30 3C 17.3 1.78 (1) (2) (lg records uncertain
39 Lc 1755 1 () &) @)
49 50 1731 | —m==m (&) () ()
58 6c 17.6 1.68 (1) (1) (1) End of l-hour run
60 15.9 Meter not Y ) =) Start of 9—hour run
T3 Tc 16.5 working 3.75 2.16 5.91
135 8c 171 g 3.76 2.28 6.0k
191 9C 17.0 1.86 3.91 23D 6.23
250 10C i7.2 1.8 4.03 2.34 6.37 Sca-i.gr:i fr‘.;ctihon
310 110 17.2 1.83 4.06 2.66 6.72 i‘g/m: -9
m | B i | M| O |8 | &
; . 3% 2.63 47
489 14c 1.2 1.81 3.63 2.69 6.32
552 15C 174 2.10 3.60 2.80 6.40
598 16C 17.8 1.98 3.69 2.55 6.24
602 b i (I e et 3.08 2.80 5.88 Motoring
603 End of 9-hour yun

XCalibration in doubt.

Before l-hour run:

Cylinder profile — longitudinal 95 microinches

Qualitatively all right.

After 1-hour run = before S-hour run:

Cylinder profile — longitudinal 55-90 microinches

Diametral Replicag were made of rings but no other meas—
Piston tension Profile urements were made since rings were not removed
rings (1b) Gap (microinches) from piston.
l-compression 4 k42 0.013 35 0il.— 31 grams burned or vaporized. The amount
2-compression 5.02 .016 4o T vwhich passed the piston rings to be caught
3-compression 4.87 .013 25 by the upper oil seal was not measured.
L—scraper 9.63 016 Not measured

After 9-hour run:

Cylinder profile — longitudinal 40-90 microinches

Diametral
Piston tension Profile
rings (1p) Gap (microinches)
1 4,34 0,013 33
2 L4.89 .016 18
3 L.75 .013 15
b4 9.85 .016 15

0il.~ 66 grams burned or vaporized.
122 grams passed the rings and were
caught by the upper oil seal.



TABLE II.— FRICTION RECORDS g
(Cylinder, SAE 4140, all Rings, Cast Iron] S
)
Piston ring fmep® .
Engd Tt Cylinder Manifold (1b/sq in.) L
Film = Toad Jacket pressure Blow-by 3
81(” ) (1b) temperature (in. Eg | (cu f£t/nr) T 5
. (°r) absolute) Exhaimu: cuenpres gg; Total
1D 1200 i7.h 180 28 2.19 237 4,38 6.75
2D 1200 8-5 l& 20 lnw C.% 3-“3 501‘9
1E 310 19.7 180 28 | mmmmm | e —— = _—— -
2k 800 17.0 180 28 1.9 1.23 3.07 k.30
3E 1200 18.0 180 28 2,06 1.7k 3.59 3.33
LE 1400 7.1 180 28 2.43 2.7k L 48 T.22
r 1200 14,5 100 28 | —=-- 3.0k 4.60 7.64
2F 1200 16.8 150 28 2.16 2.28 3.86 6.14
3F 1200 1476 180 28 2.h9 2.37 3.87 6.24
LF 1200 e 203 28 2.09 1.84 3.51 D35
Scale of friction records, 2.00 1b/lime.
Rings at begimning of above runs: Ripgs at end of above runs:
Diametral Diametral
tension Profile Piston tension Profile
(1v) Gap (microinches) rings (1b) Gep (mlcroinches)
l-compression b .67 0.017 45 1-compression 4,32 0,017 8-
2—compression 513 .013 50 2—compression 5.00 .013 10
3—compression k.68 .015 35 3~compression L. 48 .015 12
9.k2 .01l b—scraper 9.52 .01 14

Barrel profile after above runs: 8 — 10 in. X 10 ©

8T
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Figure 2.—General view of engine.
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Figure 11.—Friction records for the run-in test with SAE 4140 sleeve and cast-iron rings.
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Figure 12.—Friction records for the run-in test with SAE 4140 sleeve and cast-iron rings.
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Ficure 13.—Friction records for the run-in test with SAK 4140 barrel and chrome-plated
top ring. (Records have been outlined for clearness.)
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TIME MINUTES
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FiGure 14.—Friction records for the run-in test with SAE 4140 sleeve and chrome-plated
top ring. (Records 8B to 11B have been outlined for clearness.)
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Ficure 15.—Friction records for the run-in test with SAE 4140 sleeve and chrome-plated
top ring. (Records have been outlined for clearness.)
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Ficure 16.—Friction records for the run-in test with porous chrome-plated sleeve and
cast-iron rings. (Records have been outlined for clearness.)
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Ficure 17.

Friction records for the run-in test with porous chrome-plated sleeve and
cast-iron rings. (Records 9C to 12C have been outlined for clearness.)
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TIME MINUTES
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Ficure 18.

Friction records for the run-in test with porous chrome-plated sleeve
cast-iron rings. (Records have been outlined for clearness.)
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Figs. 19, 20
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Figure 20.—Effect of engine speed on piston-ring friction.
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%Cé Fig. 21
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Effect of cylinder jacket temperature on piston-ring friction.

Figure 21.
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Figure 22.—Behavior of the friction-measuring apparatus as a vibration pickup. Engine motoring,
piston rings, and cylinder head removed.
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Figure 27.—Photomicrographs of surface replicas of rings used in run B. Top ring is porous chrome-plated.

(25X).



New honed surface. After 1 hour. After 10 hours.

Figure 28.—Photomicrographs of surface replicas of porous chrome-plated cylinder used in run C.

(25X).
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Top

New.

After 1 hour.

29.—Photomicrographs of surface replicas of cast-iron rings used in run C.

(25%).
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New lapped surface. After 1 hour. After many hours.

Figure 30.—Photomicrographs of surface replicas of SAE 4140 ¢ylinder used in runs D, E, and F. (25X).
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Do

New. After 1 hour.

Figure 31.—Photomicrographs of surface replicas of cast-iron rings used in runs D, E, and F.

After 10 hours.

(25X).
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