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NATTONAL ADVISORY COMMITTEE FOR ARRONAUTICS

ADVANCE RESTRICTED REPCRT

NTTRIDED-STEEL PISTON RINGS FOR ENGINES OF HIGE SPRECIFIC PCWER

By Jchn H, Collins, Jr., Edmond E., Bisson,
and Ralph F. Schmiedlin

SUMMARY

Several designs of nitrided-stesl piston rings were performance-
tested under variable conditions of ocutput. The necessity of good
surface finish and conformity of the ring to the bore was indicated
in the first teste, Nitrided-steel rings of the same dimensions as
cast-iron rings operating on the original piston were not satisfac-
tory, The final design was a lighter, rectangular, thin face-width
ring used on a piston having a maximum cross-head area and the proper
skirt shape. Results were obtained from tests of single-cylinder
and multicylinder engines,

The thin, nitrided-steel rings were performance-tested in
both nitrided and porous chromium-plated eylinder barrels with
good results, The nitrided-steel cylinders were stock production
items and the porous chromivm-plated cylinders were worn cyiinders
that had been reclaimed by plating back to size, The use of
nitrided-steel rings in chromium-plated cylinders offers attrac-
tive pessibilities that require further Investigation.

Good performance characteristics of ring and cylinder barrel
were obtained, Tests under dust conditions indicated thav the
nitrided-steel rings maintained acceptable oil control from three
to four times longer than the stock cast-iron rings. Lubricating-
oil consumption was somewhat higher with nitrided-steel rings
than that usvally encountered with the original cast-iron ring as-
sembly when the cast-iron rings ave in the best condition of run-in.
The Yubricating-oil consumption with nitrided-steel rings tended to
improve with operating time, whereas the opposite trend was exhib-
ited by cast-iron ringas.

Dust tests, in particular, should be made on the combination
of thin nitrided-steel rings and chromium-plated cylinders, Ex-
tensive flight tests of the rectangular nitrided-steel piston
rings are recomnmended,
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TITRODUCTION

For many years the NACA has been conducting tests of aircraft-
engine cylinders at speciflc power outputs in excess of their maxi-
mum ratings, The filrst engine parts to fail ad the specific power
is incireaged are the piston rings; the failure manifests itself by
general increases in specific oil consumption, in rapid ring wear,
in blow~by, and in subsequent loss in power.

Variables that considerably.affect piston-ring and cylinder-
barrel wear are: dust; lubrication, both quantity and quality;
brake mean effective pressure; engine speed; and operating tem-
peratures, Both bench tests and engine tests were made on a
variety of piston~-ring materials and ring designs, Some of the
materials and ring designs were eliminated by the bench tests,
The others were tested in single-cylinder engines, The choice
of the procedure for the engine-ring test coversd by this report
vas chosen with a view to picking test conditions that would give
the required results in the minimum time, The final combination
of nitrided-steel rings in both nitrided-steel and chromium-plated
cylinder barrels was performance-tested under a wide variety of
operating conditions in both single-cylinder and multicylinder
engines, - ‘ :

The thin, nitrided-steel rings used in these tests were
manufactured by and tested in cooperation with the Borg-Warner
Corporation, Spring Divieion, Bellwood, Ill.

The nitrided-steel piston rings were performance~tested in
single-cylindsr engines at Langley Memorial Aeronautical Labora-
tory from 1939 through 1942, At the recommendation of the
National Advisory Committee for Aeronautics, multicylinder and
gingle~cylinder engines were tested by the Bureau of Aeronautics,
Navy Department, at the Aeronautical Engine Laboratory of the
Naval Aircraft Factory in Philadelphia and by the Army Alr Forces,
Materiel Command, at Wright Field.

DEFINTTIONS

Piston-ring terms to be used in this report are defined as
follows:

face - The part of the piston ring that is adJjacent to, or in
direct contact with, the cylinder wall,

face width - The width of the ring face.
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gide - The part of the ring that contacts the piston grooves.

ring assembly - The entire group of rings used on any individual
piston, regardless of ring type, material, or position with
respect to the piston pin,

radial depth - The radial dimension from the center of the face
to the center of the back of the ring.

diametral tension - The force in pounds, which is applied along
a radius 90° from the gap, required to close the ring to its
nominal diameter. Ring tension as used and measured in this
investigation is purely an arbitrary measurement of the char-
acterigtics of a piston ring.

unit wall pressure - The force exerted by the piston-ring face
against the cylinder wall, pounds per square inchk, This unit
pressure is obtained by use of the following equationl from
reference 1:

76
where
P unit pressure, pounds per square Inch
T diametral tension, pounds

D ring diameter, inches
W face width, inches

The wnit wall pressure as defined in this report is only an ap~
proximate average value inasmuch as true unit pressures can be

determined only by such an instrument as a rallal-pressure gage.

lan anzlysis made subsequent to the original publication of this
paper indicates that the comstant 0.76 aprlies to weasurements
made with the ring compressed to the corresct gap. The analysis
showed that a value of 0,838 should be used if measurcments are
made with the ring compressed to the proper diameter, as was done
in the teats reported, Correcvion of the data reported is felt
to be unwarranted, however, since the values obtained were used
nly for qualitative comparison,
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APPARATUS AND TEST PROCEDURE
Temperature Tests

The heater shown in figure 1 was designed and built to check
the effect of temperature on siress relief. Stress relief may be
defined as the loss in tension of a ring at elevated temperatures.
Two piston rings with two thermocouples leading from each ring can
be simultaneously tested in this heater. Rings were placed in the
heater, whicii compiressed them to their nominal diameter, They were
heated to the predetermined temperature and held at this temperature
for 10 minutes, after which they were removed from the heater and
cooled in still air, The diametral tension of the rings was deter-
mined before and after each heat period. The tension of the rings
was determined by applying a force at 90° to the gap until the ring
was compressed to i1ts nominal diameter. This application of force
was accomplished by placing a balance under a press, the spindle of
which was accurately set, in order that it could be moved only the
proper distance. Praciically all of the commercially available
ring materials, such as alloy cast iron, high-speed steel,and sev-
eral kinds of nitrided steel, were included in these temperature

-tests.

The obJject of these short tesfs was to eliminate quickly thq
materials that had the least chance of proving satisfactory for

" rings intended to operate at high power outputs, In the determina-

tion of the effect of prolonged heating at elevated temperatures,
rings were compressed to their nominal diameter by installing them
in a section of a cylinder of the proper size. This assembly was
then placed in a heat-treating oven that had been heated to the
predetermined tempsrature., An unconfined ring was also placed in
vhe furnace, At the expiration of the heating period (1 hr in one
test, 6 to 8 hr in another test), the cylinder was removed from
the oven and the rings still confined in the cylinder were allowed
to cool., The unconfined ring was removed at the same time and al-
lowed to cool in the unconfined condition, Diametral tension was
determined before and after each heating period, In these tests
the same rings were tested over a range .from room temperature to
1100© ¥ or until the ring collapsed,

Single-Cylinder-Engine Tests

The following single-cylinder test-engine setups were used
in the NACA tests: .
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Cylinder Crankcase |Bore and|Com- |Valve|Engine| imep |Fuel
stroke |pres-|tim- |speed | (1b/sq|system
(in,) l!sion [ing i(rpm) |in.)
ratio .
NACA compres- {NACA 5by 6 (12.0 |===== 2000 50 |Fuel
sion ignition; juniversal : to injec=-
displacer pis-|test 240 jtion
ton design engine
Viright C9GC NACA sl by 7 | 6.7 |Stan-| 2200 225 |Carbu-
universal 8 - |dard retor
test
engine
Wright C9GC  |lWright 6l by 67! 6.7 |Sten-| 1160 | 125 |Carbu-
R-1820-73 | 8 8 dard | to to |retor
2500 | 288
Wright C9GC  |Mright 6k vy 61! 6.7 |Stan-| 2200 | 236 |Carbu-
R-1€20-45 | © 8 dard retor

lrebalanced for single-cylinder operation. (See fig. 2 for a typi-
cal setup.)

Combustion-air flow to the engines was measured by a sharp-
edge, thin-plate orifice assembled according to A.S.M,E. standards.
Power was absorbed and measured by a cradle-type electric dynamometer
in all single-cylinder-engine tests,

A11 cylinders except that of the compression-ignition engine
were air-cooled. The compression-ignition-engine cylinder was
cooled with water at atmospheric pressure, Cooling air was sup-
plied by separately driven blowers and flow was varied to produce
the desired cylinder-head and cylinder-barrel temperatures, These
temperatures were measured by 13 iron-constantan thermocouples
distributed over head and barrel,

High-power endurence tests were run under speed, lubrication,
and temperature conditions ccnducive to ring faillure through scuf-
fing, scoring, and feathering.

Blow-by was measgured by a positive-displacement gas meter con-
nected to the crankcase-breathor system (fig. 3). As indicated in
the diagrammatic sketch, blcow-by is piped through a large surge tank
with a flexible head, which is ingtalled to damp out pressure fluc-
tuations. By use of this surge tank, the effect of variable speed
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on the meter calibration becomes negligible. As is the case in all
oil-system installations utilizing a dry sump and a large-capacity
oil~gcavenge purp, some of the blow-by gases are pumped into the
oil-storage tank, This condition is taken care of by using a
sealed storage tark and by returning this blow-by to the Crankcase;
thereby all blow-by will eveniually pass through the meter,

The crankcase pressure was arbitrarily set at 1/2 inch of
vater below atmospheric pressure (to permit leakage corrections
to be made) and was maintained at this value throughout a complete
run by means of the throttle valve K in figure 3. A leakage~
calibration curve was taken at variable speeds for the crankcase
pressure get at 1/2 inch of water below atmospheric pressure, In
this calibration, the engine was motored without compression in
order that no gas would leak by the rings. TLeakage losses in all
tests were found to be negligible, Calibration of the leakage was
repeated from time to time as a check on the efficiency of the
sealing of crankcase and hlow-by system,

Ring wear was measured by cleaning and weighing the rings
before and after each test. Specific oil consunption was measured
in the single-cylinder-engine tests by the volume method corrected
for temperature, The ins:allation of gpecial fittings and a sepu-
rate scavenging pump permitted the measurement of +the pover-section
o0il flow for the single-cylinder test engine using the Wright
R-1820-73 crankcase,

Measurement of surface quality was made by measuring surface
roughness of the nitrided surfaces of cylinder and rings, Surface
roughness was measured with a Brush surface analyzer and a Profilo=-
meter; porosity of the chromium-plated surfaces was measured by a
replica method developed by the NACA., 1In this method, a replica
of the surface is taken with a plastic such as stripping lacquer or
celluloid and this replica is photographed at a nmagnification of
100, It has been found by experiment that a good: -correlation is
obtained belween the porosity as measured by the replica method
and the porosity obtained by the method of photomicrography of the
sample itself, Percentaze porosity is defined as the percentage
of pits per unit area in a photomicrograph of the surface, The
pitted area on the photomicrographs was determined by the method
of counting squares and the percentage porogity, based on the
nominal surface area, was thus obtained,

The single-cylinder-engine tests performed by the Bureau of
Aeronautics at the Naval Aircraft Factory were conducted on a
Wright CI9GC cylinder to determine the effect of dugt on ring wear
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and on oil control, These dust tests were performed at an enrgine
speed of 2000 rpm, a brake meéan effective pressure of 160 pounds
per square inch, a carburetor+air temperature of 100° F, an oil-in
temperature of 1850 F, and a specific fuel consumption of 0.70
pound per brake horsepower-hour, EAtgthese test conditions, a dust
cycle was run consisting in +he injection of 2 grams of dust into
the combustion air over a 1l0-minute period every half hour for 3
hours; an oil-consumption check run was also made without dust for
4 hours,

The dust used in these testis was made from a natural Arizona
dust, the analysis of which is given in the following table:

ANATYSIS OF TEST DUST

8particles in samplel Chemical !Compounds

- com- in sample
Size ! Percentage | position | (percent)
(microns); _
- 0-5 39 2 Tgnition
5-10 18 13 loss 2.68
10-20 16 +3 Feo03 4,58
20-40 | 18 3 { AloOz 15.98
Over 40 9 £3 Cal 2.91
Mg0 .77
: : }Nazo 4,61
i i Si0p 63,47

2100 percent of test dust passes through a 200-mesh screen.

Multicylinder-Engine Tests

The multicylinder-engine tests performed by the Bureau of Aero-
nautica at the Naval Aircraft Factory were on a Wright R-1820-40
engine with C9GC cylinders mounted on a test stand and loaded with
a propeller. Cooling-air flow was varied to obtain the desired
cylinder temperatures, Specific oil consumption was measured by
the weight method using a balanced weighing tank.

The following tegts were performed:

1. Continuous operation at take-off power, 1200 brake horse-
power, at an engine speed of 2300 rpm
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A

2. A type test made according to Army-Navy Specification
AlN~-9502)b

3. Dust tests at an engine speed of 2000 rpm, a brake mean
effective pressure of 160 pounds per square inch, a
brake L Jsenower'of 740 and an 011-11 tempevatur
of 180° F -

In the dust t 4ts, tqe pls+on rings were run in after which a
l-hour endurance run without dust was made as an oil-consumption
check under test conditions of item 3, Dust was irnjected at the
rate of 18 grams over a 10-minute period every 1/2 hour for l§ hours,

This injection was followed by m% hours of endurance without dust

injection, Oil-weight rpaﬂings were obtained every 15 minutes.
Figure 4 shows the. dust-injection equipment, The dust used was
identical with +hat used ‘in tue single-oyllndpr*englne dust tests,
Multicylinder—onnine tests made by +he szw'Air Forces at

Wright Field were in the form of service tests on engines installed
on an airplane operatlng frcm dusty air fields, These tests were
accelerated by opesration of the engines at take-off power for
longer periods of time than usual., Total operating time at comple-
vion of the tests was 143 hours including 197 take-offs,

RESULTS AND DISCUSSION
Temperature Teats

The analysis made of ring materials indicated that cast-iron
rings did not have the desired physical characteristics under condi-
tions of high cperating temperatures. This indication is best shown
by thegr sults of the temperature tests,

Resul s .of these tests on a varlety of piston-ring materials
are shown in figures 5, 5, and 7, A study of the curves shows that
the nitrided-steel rings are more satisfactory on the basis of re-
sistance.to stress relief than the rings of other materials tested
at elevated temperatures. Loss of strength was partiuularl" notice-
able .in the high~speed steel rings and resulted 1n near or complete
collapse at the elevated temnerabures.

The cast-iron rings showed a sharp break in the tension curve
above 700° F (fig, 5) for the 1l0-minute heating period. The 6- to
8-hour and the l-hour heating-period tests (figs. 6 and 7) showed
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that the loss in tension, expressed as a percentage of the ofiginal
tension, was appreciably lesgs with nitrided steel than with cast
iren, Thig difference in tension loss would indicate that prolonged
high-temperature operation would have a greater adverse effect on
the cast iron than on the nitrided steel,

1.

Single~Cylinder-Engine Tests
Compression-ignition-engine tests. - Because the nitrided-steel
rings showed greatest registance to high temperatures, it was consid-
ered that these rings would give the best service in an engine of
high output, The rings as obtained from the manufacturer were in~
stalled in a used, nitrided-steel cylinder liner that was in good
condition and, without an attempt to run the rings in, the load on
the engine was slowly increassed, Ixcessive hLreather smoke immediate-
1y developed and the rings and the liner were inspected., It was
found thet the edges of the rings had chipped and the small particles
had scratched tlhie nitrided-steel cylinder liner, the rings, and the
piston; the small particles could be geen imbedded in the aluminun
piston at the end of the scratchies, The sharp edges of a sgelt of
rings were removed by grinding with a small, high-speed emery wheel
and the engine was get up sgain after the liner was refinished., A
slightly greater load was cobtzined before failure, and the parts
were again inspected. The sgcratcheg resulting from the chipping
of the rings were much.less, bub a microscopic examination of the
ring faces indicated mumerous points where "spot welding" between
the ring face and tlie cylinder wall had taken place during the test.

-

New rings were obtalned with a nitrided-steel case of only
.01l5-inch depti: instead of the original case of (0,030-inch depth,
e snarp edges were removed from a set of tlie new rings and the
rings were piaced on a lapping Jjig that was made with ring grooves
of the same dimensions as the vpiston-ring grooves., A strip of
gteel 0,015 inch thick was imbedded in the groove and perpendicular
to it to make the ends of the rings butt ageinst the steel and to
prevens the rings from turning in the groove. The rings had pre-
viously been fitted to the bore for the correct end gap. With the
use of a 320-grit, silicon-carbide valve-grinding compound, the
rings were lepped in a dummy cylinder by hand with a spiral motion
wntil they showed good contact over the entire face of the ring,
The grinding compound used was changed to a 400-grit, silicon-
carbide valve-grinding compovnd, and the lapping was continued,
They were finish-lapped with 50C-grit aluminum oxide in the bore
in which they were to be used., After the lapping opsration, the
rings were measured and set up in the engine for testing., Again
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the engine was slowly brought up to operating conditions and run
at an indicated mean effective pressure of 150 pounds per square
inch for 20 hours without a-trace oOf breather smoke., At the end
of this tesgt the rings were inspected and measured; no chipping
and very little wear were evident,

A new liner was then obtained with a surface finish of less
than 3 microinches, rms, and a second set of rings of 0,015-inch
nitrided-steel case was prepared by grinding off all sharp corners,
Tne surface finish on the rings was poor, and they were therefore
lapped withh 500-grit aluminum oxide in the cylinder that was to be
used, When the grinding marks had been removed levigated alumina
was substituted for aluminum oxide and the rlngs and the liner were
lapped to a mirror finish, During the procegs there was no dimen-
sional change in either the rings or the liner,

The engine was assembled, warmed up under power, and gradually
brought up to an output of 24C-pounds-per-square-inch indicated msan
ffective pressure at an engine speed of 2000 rpm and a maximum cyl-
inder pressure of 1250 poundg psr square inch, The warm-up and the
gradual applicatvion of the load required approximately 30 minutes,
After 25 hours at this ouiput, itke rings were inspected and measured
with a micrometer, and only a trace of wear was discernible,

The compression-ignition-engine tests indicated the necessity
for smooth surface finishes on both cylinder barrel and rings for
the combination of nitrided~steel rings and nitrided-steel cylin-
der, Under high-output conditions, the assembly of cylinder and
rings that had smooth initial surface finishes proved to be the
most successful with respect to wear and blow-by, The attainment
of smooth finishes permitied the uge of a short run-in time with-

out adversely affecting engine performance and wear,

Prelininary spark-ignition-engine tests. -~ Nitrided-steel
rings (made to the same dimensions as the stock wedge-shaped com-~

' pression rings used in the Wright C9GC cylinder) and a nitrided-

steel barrel were obtained for the test., These rings had a con-
siderably better surface finish than the original rings, The cyl-~
inder barrel was a stock production item with a bore finish of 3
to 5 microinches, rms, The rings were installed in the engine cyl-

“inder as received from the manufacturer, The engine was run in

for 1 hour and then operated 1 hour at a brake mean effective pres=-
sure of 200 pounds per square inch and an engine speed of 2200 rpm,
In spite of the improved surface finish of the cylinder, severe
scuffing was experienced, Scuffing may be defined as an area
rupture of metal surfaces, Thé preparation of the surfaces and
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the fitting of new rings to the bore were repeated as previously
described for the last test of tiie compression-ignition-engine
series and, after a run-in period of 1 hour, a test run of 25 hours
at a brake mean effective pressure of 2C0 po nds per sguare inch
and an engine speed of 2200 rpm was completed, The surfaces were
in good condition although there was excessive wear of the rings.
Temperature teets on similar rings were made with the results shown
in figure 7 under Nitralloy G.

A second type of nitrided-stesl ring made of Nitralloy N and
shown in figure 8 was obta 1ed for testing. This type will be referred
to as the "thin" ring., Most of the early tests using thin rings were
conducted to determine the necegsary piston design for use with thin
rings. The progressive gteps in this pairt of the research are shown
in table I, Moat test runs were of l-hour duration at a brake mean
effective pressure of 204 pounds per square inch because this period
was considered sufficiently long to get an idea as to the functioning
of the rings and the piston, It.will te noted that the run-in period
consigts of 1 hour rather than the usual 5 to 10 hours required for
cast~iron rings,

After some of the initial problems of piston design and ring
asgembly were solved, test runs for periods of 25 hours and,longep
were made to check furtner performence, These runs are listed as
tests 9, 10, and 11 of tabls I. F igures 9 and 10 are photographs
of the pist on and ring essembly afier test 10 and are representative
of the appsarance of piston and rﬂngq after all *three tests,

The final piston design was made from the results of the pre-
liminary tests. TFigure 11 sghows a photograph of the piston and
ring equipmement used in the piston investigation. Before acceptance
and incorporation in the firal piston design, the following features,
based on the tests Jjust discussed, were consilered:

1. Maximum lengbh of cross head as limited by allowable dimen-
gions, This feature is one of extrsme importance inasmuch as length
of cross head influences ring performance ty effect on piston rocking,

2. Locaticn of rings. The ring belt was located as far from
the piston crown as practicable to protect the top ring from the
high-temperature combustion gases,

3. Shape of piston. Pigton shape was carefully chosen, from
the results of the preliminary runs, to conform as nearly as pos-
gible to the cylindsr bore al cpeLathv temperatures., This shape
will insure against possibvility of piston seizure because of thermal
digtortion,
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4., Lecation of oil-drain holes, For maximum effect of oil
contrel, unrestricted passages must be provided and advantame taksn
of the inertia effect of tlie oil in the matter of scavenging the
Trooves,

5. Simplicity of ring assembly, The choice of the number of
rings was made to obtain the least number of rings that would result
in erficient operation. Two compression and two oil rings, all
located above the piston pin, were the final result. The rings
were of rectangular cross section because this gimple shape was
easily maechined,

The final piston design is shown in figure 12 and a new,
complete piston assembly is shown in figure 13.

In order to check the final piston and ring design, a 150-hour
type test in accordence with Army-Navy Specification AN-9502a was
performed, This test was a check on both piston and ring performance
under the wide range of test conditions specified by the type test,

neral engine performance with respect to ring and cylinder wear,
blow-by, and power was excellent. Lubricating-oil control (that is,
specific oil censumption) was poor., Results are shown in table II
and in figure 14. ¥Figures 15 and 16 show the piston and ring as-
sembly after the type test,

The excellent condition of ring and cylinder rubbing surfaces
indicated that these surfaces were compatitble with each other, The
extremely low wear of rings as indicated from the low weight loss
was also an indication that very successful operation with this ring
aggently is possible. As can be noted in table II, a maximum ring-
weight loss of approximately 0.6 percent was recorded in this 150-
hour type test.

Results of test on the stock cagt-iron-ring assembly in a stock
nitrided-siesl c;linder at a brake mean cffective praessure of 250
pounds per square inch are giown in table IIT, test 1, and in figure
17. Test conditions with respect to gpeed, output, oil temperature,
and cylinder temperabures were made extremely severe, It will be
noted that oil control was poor from the start of the test, possidbly
indicating that the rings had scuffed and feathered during run~in.
Wear of the rings was also very high., The photographs of the ring
agsenbly after testing show that the rings were scuffed, scored, and
feathered, Figure 17, concluded, also shows that the top rings had
lost appreciable tengion; this loss was manifested by a loss in free
gap of the rings.
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Tests 2, 3, and 4 of table III show results of tests of the
gton and ring assembly usged in table II under the test conditions
test 1 in table III as a comparative check, at these conditions,
nitricded-steel and cest-iron rings. The run-in period of 1 hour
s still maintained at this high oubput, It will be noted that
ight losses are low, congidering the extreume severity of test con-
tions, TFigures 18 and 19 are included to show the excellent con-
tion of the piston and rings after these tests even though two of
the tests resulted .in exhaust-valve failures and much of the loose
valve-steel particles passed by the faces of the rings and imbedded
themselves in the piston skirt,

-t 4 O [-d
§R2 8%

e

F

da
ai

[

The last test listed on table IIT was successful with respect
to wear and general engine-performance characteristics, Oil control,
however, was still relatively poor althoush the oil consumption was
ceristant, a condition that is rather unvsual in high-output tests of
this duration, The large increase in oil consumption for stock rings
" ig best shown in test 1 of table IIL,

Becauge the previously described tests of the nitrided-steel

rings indicated that the oil rings (fig. 3, low-unit-wall-pressure

il rings, 39 lb/sq in.) were unsatisfactory on the basis of oil
control, tests were made with rings of lesser face width, 0.010
inch, and of ‘diametral tension that wvas identical witi the original
rings. This decrease in face width with the seme diametral tension
resulted in an approximete initial unit wall pressure of 78 pounds
per sgquare inch, The tests indicated that these rings decreased
0il consumption at least 50 percent. Rings were accordingly pro-
cured that obtained a high unit wall pressure by an increase of
diametral tension and a decrease in face width., It was preferred
to ovtain the high unit wall pressure in this mamner rather than
by a large decreass in Tace width alone, because a ring of large
face width will have a lower percentage change of face width for an
"equal amount of wear than e ring of small face width.

Final spark-ignition-engine tests, - The final design of gitrided-
steel oil rings was one that had a free gap of approximately lé inches

e

rather than the free gap of approximately lIE inches in the original
o

rings. A decrcase in face width from 0,020 to 0.014 inch was also

made at thig tims. The increase in free-joint opening resulted in

a change of diametral tension from 6.3 to 9.4 pounds. Corresponding

values of initial unit wall pressure are 39 and £4 pounds per square

inch, 0il rings with both low and high initial unit wall pressure

are shown in figure 8,

Table IV shows the results of two tests with these oill rings.
Test 31 from table IV can be directly compared with test 19 of
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table III, These two tests furnish a direct comparison of periorn-
ance with oil rings of high and low initial uni% wall pressure. The
0il consumption decreased from 0.022 pound per brake horsepower-hour
ir test 19 to 0.013 pound per brake horsepower-hour in test 31, In
both tests the wear of the compression rings and the cylinder barrels
wvag considered small, Oil-ring wear wag relatively high until the
rings had geated themselves and aprmarently reached a stable condition
of rate of wear and oil control. In test 30, oil consumption de-
creased from 0.020 to 0.008 pound per bvrake horsepower-hour, This
decrease would apparently correspond to the seating period of the
rings inasmuch as test 31 showed a constant oil consimption of 0,013
pound per brake horsepower-hour during the entire test, Figure 20
shows the photograph of the piston and ring assembly after test 31.
It will be noted that the top 0il ring was cold-stuck and the second
compression ring was tight at the gap. No ring sticking was apparent
in any of the previous high-output +tests.

In all tests using oil rings of the high unit wall pressure,
the inltial wear was high, which resulted in a fairly large in-
Crease in Tace width,

After satisfactory operation with respect to wear and lubricating~
0il consumption had been achieved in nitrided-steel cylinders, single-~
cylinder-engine tests of the nitrided-steel rings in a porous chromium-
plated, straight-bore cylinder were conducted, The rings from test 31
(table IV) were installed directly in a porous chromium~-plated.,
gtraight-bore cylinder barrel and were operated for three tests accord-
ing to the operating conditions indicated in tests 1, 2, and 3 of
table V,

Results were good with respect to wear and oil control in each
of these three tests. Figures 21 and 22 show the piston and ring
assembly after tests in the chromium-plated barrel,

In order to investigate the rezson for successful performance of

the chromiim-~-plated cylinder, porosity was measured after test 3
(tadble V) in two locations, Some replicas were talken in ring travel
and others were taken in the section of cylinder above ring travel,
Measurements in the section of c¢ylinder above ring travel are consid-
red representative of the porosity before the tesgte. Porosity range
above ring travel was 50 to 8% percent and in ring travel was 30 to 40
pPercent, Figures 23 and 24 show typical plan-view photomicrographs at
100 magnification of the chromium-plated surface above and in ring
travel after the test. Surface roughness of the cylinder before the
tegt wvas approximately 40 to 50 microinches, rms, After the test,
surface roughness measured 25 to 35 microinches, rms. These measure-
ments of surface roughness of porous chromium-plated cylinders do nob



NACA ARR No. 4D22 15

represent actual surface finish on the chromium plateaus because
the tracer point *“dveled through the pores or pits as well a

over the plateaus. More 31gnifi nce should therefore be autacnvd
to the percentage porosity than to the surfacs roughknegs,

The set of rings used in the tests reported in table V had com-
eted 155 hours of test operation afier test 3. Figure 25 ghows
e effect of running time on this particular set of nitrided-gteel
ngs. The curves of figurse 25 indicate that the rings kad appar-
1? reacned a constant rate of wear. This constant rate of wear
low, as can be computed from the weight loss during the laszt three
tests. Weignt lozs in test 3 was less than one guarter of 1 percert
of the initial weight of the rirg.

It would appear from the results of these +tests that the moat
satisfactory combination of rings and cylinders mi ght be that of the
nitrided-steel rings in the porous chromiuvm-plated cylinder barrels.
This assembly should result, after seating end complete compatibility
of the rubbing surfaces has been attained, in a very stable asgembly
with respect to both rate of wear and oil control, Dust tests of
this assembly should be run, however, before a final recommendation
can be made,

=
@

Results of the single-cylinder-engine dust tests showed that t
nitrided-stesel ring assembly in nitrided-steel cylinders resuvlted i
acceptable oil control through the fourth dust cycle (fig. 26). The
0il comsumption after the fifth dust cycle was approxinately that
obtained by the stock cast-iron rings after the first dust cycle,
Tﬁe test Lf the cagt-iron- %inv agsenbly was discontinued after the.

irst dust cycle because the slope of the oil- -consumption curve indi-
cated tuct the assembly was wearing out rather than seating in, and
congequently no better oil control than that after the first duSU

cycle (which wae unacceptable abt the conditions of this test) could
bs expected. The wear curves in figure 26 sghow that oil control was
Daw.sfactOﬁy as long as the rate of wear of the rings was constant.

s}

Somc results of other tests of single-cylinder engines under
dust injection have been reported by the W ight Asronautical Corpor-
ation, These tests showed that the nitrided-gteel rings are much
better on the basis of oil control than the conventional CQSL_’TOQ
taper-faced ring assembly. Vear of the nitrided-steel rings in
these tests, however, was reported to be not much less than wear of
cast-iron rlngs, but wear of the cylinder bvarrels tested with
nitrided-steel rings was very sllght.
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g

es. ~ Surface finishes of 2 to 8 microinches, rms,
on the face of nitrided-steel rings were investigated in prelimi-
nary tests an final result was a ring finished by honing on the
face or outside diameter to & to 8 microinches, rms,

Surface finis
T th
d

It was found that for nitrided-stesl cylinders a cross-hatch-
hored firish of 4 to 6 microinches, rms, was suitable for use with
the nitrided~steel ring assembly after a number of tests covering
a range of surface finishes in the cylinder barrel of 1 to 6 micro-
inches, rms,

Surface finish on the sides of the rings and on the piston-ring
lands was set at 5 microinches, rms, in the belief that this finish
(8 microin,, rms) would be adequately smooth to prevent ring stick-
ing. No tests were made with this finish as a variable, however,
because very few of the tests on the nitrided-steel ring assembly
showed any signs of ring sticking.

Multicylinder-Engine Tests

The multicylinder-engire test periormed by the Burean of Aero-
neutics on & Wright R-1820-40 engine at take~off power and speed of
the original, thin, nitrided-steel ring assembly with oil rings of
low unit wall pressure was terminated because of failure of the master-
rod bearing afier approximately 30 hours at take-off power, Results
of this tesgt were good with respect to wear in spite of a complete
bearing faillure that covered all rubbing surfeces with besring material
arnd contaminated the lubricating oil, The oil control in this test,
however, was relatively poor (specific oil consumption, 0,03C 1b per
bhp-hr)., The trend of oil consumpiion decreased throvgrout the test,

Additional multicylinder-~engine tests were made by the Navy
Department on the nitrided-steel ring assembly with the oil ring
of high unit wall pressure after the NACA single-cylinder-engine
tests had shown this asseubly to be acceptable with respect to oil
control. These single-cylinder-engine tests have been previously
described and discussed,

A 180-hour type test according to specification AN-9502b was
performed by the Navy Department and resulted in good performance with
regard to wear and oil control, Specific oil consumption at normal
rated power and speed (1000 hp ab 2300 rpm). decreased from approximately
0.013 to 0.010 pound per brake horsepower-hour after avproximately
40 hours of the endurance run had been completed (fig. 27}, Average
specific oil consumption at normal rated power and speed during the
rest of the endurance test averaged 0,010 pound per brake horsepower-
hour, The rings shoved no tendency toward sticking., No ring breakage
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wvas encountered even tnough Orerspeed dive tests were run at 2100 rpm.
The general operating characteristizs were normal. Specific oil con-
sumption at normal rated power and speed after the overspeed dives was
0.C07 pound mnor brake ‘orsepower—hour. The syecific-oil-consumption
check completed the type test, The value of 0.007 pound per brake
horsepower-kour is considersd satisfactory even though it is higher
tihan is uvsually obtained with the standard cast-iron ring assembly
under these conditions. :

d' f

Tne oil flew (fotal and power section) was accidentally more
than 45 percent aliove the prescribed maximum for most of the test,
and tests on this engine s“owpd that decrcasing the total oil mo
(at normal ra* ed power and speed) 22 percent decreased the specific
0il consumption 13 Dercenn. The 22-peircent decrease in rate of oil
flow resulied in 2 rate of flow 18 percen’ iigher than the “eccumended

nmeximm, It is pogsible 4ha: normal oil. flowv would have resulted

Multicylinder-cngine flight tests of nitrided-steel rings as-
sombled in both nitvrided-stesl °nalckﬂom1um-v]acea Cy l*ﬁdc 3. ag
performed by the Army Alr Forces, Materiel Command, aunlted in gcod
performance of tiie rings in both types of cJL¢nior with respect to
wear and o1l control. All rings weire frec after thesc tests, Wear
vas low, consicering severity of ltest conditions and amount of opera-
tion in dusty a*mgspne"cc The to+al oparating time of 143 hours
-egulted in more scvere operation then this amount of time normally
~epressnts becauge a large numbﬂr of take-offs (197) wers included,

onfilition of the rubbing surfaces was considered excellent in all
Lhree engines tested, The condition of the pistons, especially the
skirts, was very good and the accephtable oil control proved that no
bottom ring is necessary in this piston design.

d'C‘J"iH

Results of the multicylin der-engine dust tests conducted by

the Bureau of Aeronavtics indicated that the nitrided-stoel ring
aggomblies were very succless *Jl with respeou to oil control (fig. 28).
Viear and specific oll conauvmption started to become excassive only
after an anﬂrﬂciabl“ nunber of cdust cycles, The top compressgion

ng in most of the cylinders was excessively worn before any great
effect on oil- con3¢mptlon vag evident, The glope of the oil-
consumption curve was not very great even at the end of the seventh
dust cycle, :

Figures 29 and 30 show the trond of oil consumption for standard
piston asgsembliés of cagt-ircn vinga. ‘Both curves show that 0il con-
sumpticn increased very rapidly during the first two dust cycles and
became excegsive after the first cycle. It can bhe seen tha* this
raplé increase is true in both porous chromium-plated cylinders and
in nitrided-steel c¢cylinders,
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When figure 28 is compared with figures 29 and 30, it is appar-
ent that the nitrided-steel rings should provide accepiable oil con-
trol for much longor periods of time than the cast-iron rings, inas-
nuchh as the oil-congumption curve for nitrided-steel rings shows a
much more gradual increase than the curve of the cast-iron rings,
AlJ”CLﬂ; it is true that no guantitative comparisons should bte rmade

f figaves 28, 29, and 30 beczuse the dust cycles are somewha’s dif-
ferent, it 1s btelieved that the indicated trends in the three tests
can be used on a comparative nasis.

CONCLUDING REMARKS
The nitr iued-sqeel ring. assemolj under dust conditions is more
successful on the basis of oil control then theé cast-iron, taper-
faced ring assembly because a large part of the oil-control function
is performed by the oil rings and little oil control is required
from the compression rings. Wear on the compression rings, conse-
quently, has little effect on oil control,

From the results of the tests reported, further investigation
of the combination of nlurviea-Sueel rings 1n porous chromiwm-plated
cylinders should be made because tihis combination offers attrachtive

posgibilities for use., The use of worn cylinders that have been
reclaimed by porous chromium plating is attracvive from the salvage
viewpoint, aqﬂ any ring assembly tuat can be successfully operated
in these CJLLPderS should. be CUmpLe 1y engine-tesied, These engine
tests should include dust tests to check sbrasion resistance.

SUMMARY OF RESULTS

Based on the test data of the single-cylinder and multicylinder
enginea, the following results were obtalined:

1. Perfoirmance characteristics of the nitrided-steel ring
aggembly of final design were excellent with rsspect to wear and
abragion resigtance,

2. The condition of the rubbing surfaces of nitrided-steel
rings and chromiwa-plated cylinders indicated that these surfaces
were compatible with each other

3. The nitrided-steel ring assembly of final design resulbed
in average specific oil consumptions of 0,013 and 0,011 pound per
brake horsepower-hour at a brake mean effective pressure of 250
pounds per square inch and an engine speed of 2500 rpm in the
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gingle-cylinder engine. The average specific oil consumption in the
Vright R-182C-40 ergine was 0,010 pound per birake horsepower-hour at
normal rated power and speed (1000 hp at 2300 rpa). In all cases,
the tread of oil consumphtion was constant or decreasing.

4, Under dust-test conditions, acceptable oil control can be
obsained three to four times longer with the nitrided-steel ring
assembly than with the stock cast-iren rings,

=

5. Resultant wear of the cylinder barrels was excepiionally
1o,

6., Txcellent resistance to ring breakage, at tie severe
overspeed-dive condition of 3100 rpm, on a Wright R-1820-40 engine,
was exhibited by the nitrided-steel ring assembly.

7. The use of a shorter run-in time (1 nr) was found to be
posgible with the nitrid d—steel ring agsembly.

CCHCLUSION

Based on the test data of the single~cylinder and muvliicylinder
engines, the following conclusion may be drawn:

The nitrided-stecl ring assembly in either nitrided-steel or
porcug chromium-plated cy "1inders showld he very desirable for use
in high-output aircraft engines.

Aircraft Engine Regearch Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Chio,
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Figure |, - Piston-ring heater.
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Figure 2.- Single-cylinder-engine assembly.



Figs. 3,¢
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(approximately 7 in. water

vacuum)

N Meter inlet-pressure manometer

0 Qas meter
P Pipe leading to exhaust trench

M Meter inlet thermometer

J Shut-off valves
K Throttle valve

L Bypass

I Surge tank

scavenging pump in maintalin-

ing dry sump crankcase

the blow-by handled by oil-
E Crankcase

B Surge tank and oil separator
D Line for returning to crankcase

C Drain
F Crankcase-pressure manometer

A Oll-storage tank
G Sight glass

H Flexible head

Figure 3. - Schematic diagram of blow-by system.
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NACA ARR No. 4D22 Fig. 5

Diametral tension, 1db

Piston-ring material
O Cast iron

+ Alloy cast iron
%X High-~speed steel

12 O Nitrided steel

K
10 ~

u

Do'

N
x———’
"

f\//

0 200 400 600 800 1000
Temperature, °F

Figure 5.- Effect of piston-ring temperature on diametral tension.
(Rings held 10 min at each temperature.)
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Piston-ring material
O Cast iron

+ Alloy cast iron
x High-speed steel
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Figure 6.- Effect of piston-ring temperature on diametral tension.
(Rings held 6 to 8 hr at each temperature.)
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O Cast iron .
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-FPigure 7.- Effect of piston-ring temperature on diametral tension.
' (Rings held 1 hr at each temperature,)
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Figure 13.- New piston assembly.
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NACA ARR No. 4D22 Fig. 20
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Figure 20.- Piston assembly after high-output tests. High-
tension 0il rings.
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Figure 21.- Piston assembly after tests in porous chromium-plated
barrels.



22

Fig.

4D22

NACA ARR No.

s3uty

)

1211®q

*9X (*3utydeaBojoyd xoy uojstd
pajerd-wniworgo snorod ut 83883 I93J® sIUT

MBU UO paTqWasse
I T@918-PapTILIN -'g2z 8indty




NACA ARR No. 4Dp22 Fig. 23
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o C-15946

Figure 23.- Plan view of porous chromium-plated cylinder above
ring travel; after test. Porosity 52 percent. X100
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Figure 24.- Plan view of porous chromium-plated cylinder in ring
travel, after test. Porosity, 40 percent. X100.
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Specific o0il consumption, 1b/bhp-hr

.084 /&

. /
/i) ’

.072 o]

.066 —

060 //

.042

.036 //
.030 //7
.024 /
.018
012 //

.006/

0 1 2 . 3 4 5
- Number of dust cycle
Figure 29.- Effect of dust on oil control. Stock cast-iron rings in po-

~ rous chromium-plated cylinders. Wright R-1820-22 engine.
Data from Bureau of Aeronautics, Aircraft Engine Laboratory. :



NACA ARR No. 4D22 Fig. 30
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Figure 30.~ Effect of dust on 0il control. Nitrided cylinder and
cast iron piston rings, Wright R-2600-8 engine. Data
from Bureau of Aeroneutics, Aircraft Engine Laboratory.
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