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NACA ARR No. 4J06

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

A STUDY OF PISTON AND RING FRICTION

By Wo Ae Leary and Je Us Jovellanos
SUMMARY

The apparatus used in this investigation permits the isola-
tion of piston and ring friction from total engine friction under
actual operating conditiorse Friction work has been measured
for various niston ring combinations and cylinder surfaces, The
effect of scuffing and excess cylinder-wall lubrication on pige
ton and ring friction is reported, and a careful analysis of the
changes in friction work during the rurein period is presenteds
A new technique for obtaining photomicrogranhs of curved sire
faces has been used to melze visual comparisons of cylinder-wall
roughnesse A device for messuring diametral ring tensions and
an zpparatus for transforming pressure-cronk angle indicator die-
grams into pressure~volume indicator diagrams are describeds

INTRODUCT ION

The work described in this report is a continuation of the
work of Forbes and Taylor (reference 1), who built an apparatus
and devised a metlicd for leoiating piston and ring friction from
other forms of engine friction,

The work reported in refcrence 1 consisted mainly of the
developrent ¢f a reascnably satisfactory appsratus, but produced
only prcliminery results in the woy of friction dutas The mabters
ial prescated herewith describes further improvemcnt of the g
paratus and the results i test runs on a munber of different
piston and ring combirabionse

In addition to the work described herein and in reference 1,
the vork of Tischbein (reference 2) in Germany, and Howkes and
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Hrrdy (reference 3), in England, may bo montioneds The apparntus
used by Tischbein was similar to that to De described in this
report, insofar as the frictional drag of the piston rings was
measured by the deflection of a flexibly mounted cylinder, but
differcd by having a cross head which allowed the piston to move
without touching the cylinder walls and thercby permitted the
measurement of ring friction onlye Thec apparatus of Hawltes and
Hordy was also in the same category, except that the piston wes
flexidly mounted and the cylinder sleeve was caused to oscillates
Although Hawkes and Hardy did not employ a cross head, they statce
that the clearance between thc piston and slecve was such that
values of friction mecasured without the rings werc negligiblce
Essentially then, this apparatus also measured ring friction onlye

However, these apparatus werc suitable only for mcasuring
piston ring friction under nonfiring conditions. As for as the
authors have becn able to ascertain, thc apparatus described
horein is the only one vhich permits piston and ring friction to
be measured in an actual engine under firing conditionse

This investigetion, conducted at the Massachusetts Insti-
tute of Technology, was sponsored by and conducted with the Tiee
nancisl assistance of the National Advisory Committce for
Aeronauticse

The authors are indebted to Mr, John Markell, who contrib-
uted substantially to the improvement of the spparatus; to
Professors B, S¢ Taylor and Co F, Taylor, whose advieo and crit-
icism were frequently solicited, and to the members of a special
panel representing the aircraft industry and the NACA,

OBJECT OF TLSTS
The object of the tests reportod herewith was twofold,

namelys

1., To debtermine the effect of piston-ring "scuffing!" on
the piston-friction vorsus time dlagram,

2 To study the piston-friction versus time diagram,
particularly during thc run-in period, for the
following combinations:
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Piston tynes

Aluminum, automotive, and aircraft types

Cylinder sleeve material

Steel, SAE L4ilo

B ston, Yiaos

Automc¥ive and aircralft types
Straight and tapered face

High and low tension
APPARATUS

The engine used by Forbes and Taylor is fully described
in reference 1, but for convenience a brief description will
be given heres Two sectional views of the engine are show: in
figure le '

The cngine consisted o6f a standard CFR crankcose on which
a special cylinder and cylindecr hené were mounted. The bore of
the engine was 3 inches, thc strole 1% inches, and the com-
pression ratio 5s05. A shorter connecting rod, 8 inches long,
was substituted for thc standard lO-iinch CFR connccting rode

The cylinder slecve (1) was held in poéition by two annular
stecl diaphragms (2), clamped to the outer cylinder by mcans of
the cylinder head (5) at the upper end and the steel plate (4)
at the lower ende

The cylinder head closed the combustion chamber by means
of o piston-shoped section vhich fitted closcly, but did not
touch, the cylinder sleecvee A series of grooves machined in
this secction formed ~ labyrrinth sonl (6) which reduced the leak—
age of gnses from the cylindere This cylinder he~d will be ro-
ferred to in this report as "noe 1 cylinder hend",

Two spark plug wells (7) and = well containing an optical
lever (8) wore sealed off from the jacket cooling water by menns
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of flexible neoprene scals (9)e Lerle-off holes (10) drilled in
the side of thc cylinder head into the space (12) above the dioe
phragm took care of gas and oil lcakage through the labyrinth
and assured atmospheric pressurc on the upper diaphragns

Gas leskagc was minimized by pwmping oil into the labyrinth
through = duct (11) leading through the top of the cylinder honde
The oil then passcd out the loek-off holes and to the oil rcscr-
voir, cxcept for a small amount which leaked into the combustion
chember. The oil was supplicd to the head at about 50 pounds
per square inch pressurc, and was of the same type as the oil
uscd in thc crankcasce

A boam of 1light, thrown on the mirror (8), vos roflected
onto a photographic film which moved 2t right angles to the
piston notion, Thus, as the slecve wms pulled up and dovm on
the flexible diaphragms by the friction force of the moving
piston, a wave form was impressed on the film, The wvmve forn
provided ~ means of detormining piston friction under actual
operating conditionse

The clearance betwecn the cylinder head end the slecve
wos small cnough (not more than 0,001 inch on the radius) to
provent any significnnt loss of pressure in the cylindere It
was very difficult to cemter the cylinder head in the sleeve
with this dcgree of accuracy, ond considerable tine wvas involved
in scouring the proper alinemente ith noe 1 cylindecr hend it
was always nccessary to make a check run to deternine whether
or not the head was touching the slecve. VWhen contact existed,
sticking occurrcd, and the friction rccords werc not rcliablce

In an attermt to elinminatc or ~t least diminish sticking,
in the casc cf actual contact, Forbes and Taylor tried lecd—
plating the cylinder heade This procedurc also allowed cone
sidcrablc control over thc clearancce DBut the results only
tonded to confirm tho improssion that if there was any contact
vhatover betwecn slcove and cylinder heoad, the results were
unrcliablee

As a furthcer precaution against sleevo—-sticking, the cyl—
inder hond was kopt at low tomperaturcs in order to minimize
thormal cxpansion, by circulating tap weter through the head
indepcndontly of the cylinder cooling.systclle
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Noe 1 cylinder hkead was uscd in the prosent test pro-
gran to determine the cffect of ring scuffing on piston frice
tion, but at the completion of these runs it was decided to
rcdesign the head in order to overcone its shortcomings,

The difficulty encountered in ccntering the head with the
sleeve was clininated by constructing a new head embodying a
set of junk rings (sec figse 2 and 3)o This head will be ro-
ferred to hereafter as "eylinder head no. 2", The assenbly
consisted of four contimous (unsplit) rings, 4, held in place
by four spaccrs, B, C, D, E, the bottom spacer B serving also
as a ring nut for holding the asscmbly in placcees Both rings
and spacers were made from nild steels The junk rings were
nachined to fit the sleceve with the same radial clearancec as
the original head, that is, not more than 0.001 inch, but were
free to move radially in the spacers a distance of abéut 0,014
inche This frecdon of radisl movement allowed the junk rings
to center thanselves in the sleeve regerdless of any mlsallno-
nent between head and! sleeve, The radial clearance betwecn
spacer rings and sleceve was 0,005 inch, which was also norec
than sufficicnt to allow for any misanlinement between head
and sleeve (sec fige 3)e

The spacer ring C was grooved circumferentially inside
nd ou and drllled with eight radial holess These grooves
nd holos allowed the passage of an 0il strean which was fed
into the head t%roush a duct similer to that shown at (11)
in figure 1, The oil was sanpllod ot the rate of about 40
drops per minute by means of a Bosch fuel-injection pump, ro=
tated at slow spced by an electric motore The oil provided
a filn which helped to close the clesrance space between
the rings and sleccve, thereby rcducing gas pressure leakage
as well as providing lubrications

"JJ

0]

The o0il supply to this new hecad was critical, and only
after considerable cxpcrinentation wes the correct oil flow
deternmineds When the oil flow was too large, soot and gun
forned on the junk rings and in the combustion chamber, and
when the oil flow was too small, a large volume of combustien
products lealzed by, covering the jurnk rings with carbon., In
cither case unsatisfactory operation rcsulteqo Aside from
soot and gum formation in the combustion chariber, an excess
of head oil had the additional disadvantage of changing the
characteristics of the oil film on the cylinder wallse In
some of the eorlicr runs, nmade under conditions of excess
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head oil feed, an increase in the crankcase oil level was
observed after running, showing that some of the head oil
had worked its way past the piston and down the cylinder
walls to the crankecase, These runs were later repeated us-—

ing the correct oil feeds

‘ Measurecnonts made on the quantity of oil in the head-
0il supply tank beforc starting a run end after a run, com-
pared with the hend~o0il leak-off ond crenkcase contents before
and after the run, showed that when the head-oil flow was
corrcctly adjusbed, no neasursble quantity of oil made its
wey past the miston to the crankcasc, although a small snount
was cither burned or blown out with tho cxhauste Thereforc,
it is bcolieved that the normal filnm lubrication characteris—
tics between piston and cylinder slecve were not upset by the
head-0il supplye Additional datn to support this belief is
prcsented laters

After the correct usage of this new head and oil systcn
had been deternined, excellent performance was realizede

In the original apparatus of refercnce 1, a filn specd. A
of 25 inches por second was usede This neant that, with a
reel-capacity of 100 feet of filn, continuous records could
be taken over a period of 48 scconds only. ‘In order to make ’
it possible to take continuocus roecords over extended periods
of time (up to 1 hour with 100 ft of film), a slow-spced filn
drive (0,295 ine per scce) was addeds By this mecans it was
hoped that any change in friction cheracteristics could be
correlated with operating conditions by corparing the time
soquence of tho events on the record with the sequence of
events entercd in the log booke

A short length of a continuous slow-speed record is
shovn in figure &,

It should be noted that the slow-speed records show
only the naxirunm anplitude of the friction cycle, This means
thnt these records were useful in showing when 2 change in
the friction cyele took place, but that this change was not
recossarily indicative of 2 change in the work of frictiona
Thue an increase in the armlitude of the record night be due
sirply to a more pronounced excitation of the sleeve at its
natural frequency rather thon to any incrcace in friction werke
This increascd amplitude could, of course, be associated with

f
i s ’ UL A 1
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ring scufiing by conparing rccord, rings and log book after
tlie run,

It was considered desirable, whon taking such long slotwe
speed records of run-in conditions, to have occasional short
high-spead "shots!" for the purpose of computing friction worke
Accordingly, the drive system for the camera was imnproved to
allow for taking high~ or low-speed rccords at wille

The slow-speed moctor was connected to the camera drive
by neans of a chain and sprockete The sprocket was teken fron
a bicycle hub and contained a ratchet and pawl system, the
pawls being connected to the sprocket and the hub forming the
ratchet drui,. he ratciet drum was connected to the canera
drivees

During slow-speed operation, thc pawls engaged the ratchet
drun and rotated the camera drive slowlys The high-specd cam-
cra notor was connected through a Triction clutch directly to
the ratchet drun, and when the clutch was cngaged the ratchet
drun overrode the pawls and turned the camera drive at high
speedos The friction clutch on the highemspeed drive was en—
gazged by menns of a solenoid opcrated by a switch on the con-
trol boards

The position of top center was registered on the high-
specd records by means of a neon flash bulb located berind e
slit in the camera box and opersted by a sct of breaker points
on the camshafte These breaker points closed the lanp circuit
at approximately top coenter® at the beginning of the power
stroke every cycle and irpresscd a vertical line on the filn,
Since top center narks were desir~ble only when taking highe
specd recordsy the lammp circuit wos placed in series with the
switch vhich opernted the solenoid on the high~speed canerns

One disadvantage of the recording systeom was that it was
always necessary to develop the filn before an event could be
recognizede In order to overcone this handicap a device for
providing a continuous visual reccord of the friction-tine cy-
cle was added to the cngines This device consisted of an
electro—-nagnetic type phonograph pickup, mounted rigidly on
the side of the cylinders The phonograplk ncedle was connected

Igor a description of the nethod of locating top center
oxactly, sce "Discussion",
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by means of a thin strip of steel to a blind plug screwed in
the spare spark plug hole (see figo 1)o Oscillations of the
cylinder sleeve imparted a motion to the phonograph needle, and
the output was fed through an integrating circuit and pre~ampli-
fier to a cathode~ray oscillograph where the wave form could

be continuously observede A certain emount of extraneous mech-
anical vibration was taken up by the pickup unit, and an elec-
trical disturbance was observed at the occurrence of spark, but
with a little experience it was an ensy matter to correlate this
somewhat distorted wave form with the true wave form recorded
by the ontical systeme (Another valuable feature of the visual
system was that it gave an instantaneous indication as to wheth-
er or not the apparatus was working satisfactorily. Lacking
this information, a whole run might be wasteds Also the visual
system was of assistance in determining the correct oil supply
for the new heads

As experience was gained with the visual system and a
"feel" was acquired, the need for the 100-foot slow-speed
records was practically eliminateds, Nevertheless, the slow-
speed records were continued for the duration of these testse

Another addition mede to the original apparatus was a
gas meter which was connected to the crankcase breather pipe
in order to measure blow-bys Prccautions were taken to meke
the crankcase otherwise airtight, A 50-gallon surge tank was
inserted in the line between the crankcase breather and the
gas meterg

In preliminary work with the friction apparatus, it was
noted that the zero, or 'equilibrium, position of the light
spot on the film was not fixed but veried somewhat with oper-
ating conditionss It was suspected that this variation might
be caused by air or steam bubbles forming in the annular
groove in the upper diaphregm, thus nreventing uniform con-
tact of the cooling water with 2ll parts of the diaphrogm
surfacee In order to offset any such tendency, two small
diametrically opposite holes were drilled into the side of
the diaphragm wvith their axes on the seme level as the top
of the diaphragm groove. The holes were connected by means
of neoprene and glass tubing to the header tank in the cool-
ing systeme Although occasional bubbles were observed flow—
ing through the tubes vhen the engine was firing, no marked
decrease in the variation of zero position was noticed.
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PROCEDURE

Scuffing Tests

The combination used in the scuffing tests was a cyline
der sleeve made from SAE U140 stecl (designated as M"slecve nos
1"), an aluminum piston (designated as "piston no, 2"), and
sutomotive-type cast-iron piston rings (see figs 5)e The pise
ton rings were supplicd by the Perfect Circle Company and con-
sisted of standard stock sizess The ring specifications were
as follows:

Groove Noe 1 Memufacturer's designation
' Nos 200, 32" x %"
p) Noo 70, ":1‘" X én

Noo 70, 3% x B

Noo 85, 33" X &"

Yo. 85, 33" x $!

Ul F W

In order to simplify the procedurc, preliminary tests to
determine how to create scuffing were made with the engine "mo-
toring", cylinder head removede A promising way to accomplish
this scemed to he to dilute the lubricant on the cylinder walls
by introducing kerosene into the cylinder. To this end kerosene
was squirted on the cylinder walls wirile motoring the enginece
The attempt failed, howevers It was then decided to use ethyl-
ene glycol in thc same manner, since it is known that ring
scuffing results in service engines when this coolant leaks
into the cylinders, But this alternative proved no more suc-
cessful than the preceding onece

It has also been noticed in this laboratory that scvere
detonation in air-cooled cylinders at high mean-effective
pressures (above 200 1b per sq ing) is a contributing cause
of ring scuffing; accordingly the cylinder head was replaced,

1Piston grooves are numbered from top to bottoms
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the enginc fired, and severc detonation induced over short »neriods
by moens of cthyl nitrite mixcd with the inlet air; but no scufiing
was produced.s The engine was then ecaused to detonate severcly for
about an hour by using kerosenc as fuel, but without effecty prob-
ably becausc thc mcan effective pressue of the cngine (80 1b per
sq in,) was too lows

The cylinder sleeve was then rcmoved, thoroughly clcancd, and
placed in a water spray for Wl hours for the purpose of roughcning
the surface by rustinge The rust did not form uniformly on the sur—
facey, but was characterized by long strcaks of a soft, powdery con—
sistency. Whon these streaks were rubbed off, innumerable small
pits werc found underncathe The roughecned slceve was replaced end
the cngine fired at 1800 rpm for 2 hours, but with nocgative rosults
as to scuffinge

Finally the cngine was fired vailc a liberal quantity of cthyl-—
cne glycol was iantroduced into the inlet pipe. This procedurc pro-
duced the desircd rcsult, and thc record obtaincd (sec fig, 13(i))
showed that the apnaratus wes indcod sonsitive to scuffinge (Come
parc with rccord for operation under the samc conditions, but withe
out cthylenc glycol, fige 13(3)e) The opcrating conditions for the
scuffing runs arc summarized in teblc le

Run~In Tests

The rcemainder of the cxperimental program was devotcd to a
study of the friction characteristics of various combinations of
aircraft-type piston rings under a fixed set of opcrating condi-
tionse Thc piston rings werec made especially for thesc tests by
the Perfect Circle Companye

The ring combinations selectcd werc:

High tonsiony straight face, com-
prossion rings (sec fige 6)
The same type

Low tonsion, straight face, com- of serapcr
 § H £
pression rings (sce fige 7) rings wese
usec. in all
High tension, tapered facc, com- these tosts
’ a8 ‘ s
pression rings (sec fige &) (see fige 10)

Low tension, tepered face, coii-
pression rings (scc fize 9)
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All piston rings were factory laoped cither to full or line cone
tact, depending on whether thoy were straight faced or tapercds

& new cylinder sleeve machined From SAE U140 steel (dcsig-
nated hereafter as "sleeve noo 2%) and an aluminum alloy piston
(designated hercafter as fviston nos 4") were used in these runse

The piston (sce fiz, 11) was similar to the onc used in the
scuffing tests, having four ring-grooves above the wrist pin and
onc groove below the pin at tic bottom of the pistons The spoce
ing and width of the grooves differcd from those of the piston
used in the scuffing testsy howevere A compression ring was olaced
in each of the uppcr three grooves, ond serapor rings were placed
in the lower two groovess This arrrngemcnt corresponds to current
aircraft proctices This piston wos a modified version of a desien
developed by the Ethyl Gasoline Corporation Research Laboratorics,
who willingly supplied the drawings and castingse. The machining
of the piston was donc by the Perfect Circle Company.

The rings were of cast iron of uniform composition consiste
ing of: .

Total carbon ? 38503680 percent
Silicon 20 20~3:10 percent
Sulphur _ 0pl0 maxo porcent
Phosphorous O°15eO°MO percent
Mangancse 0,40-0.80 percent
Molybdenum : 0e50~0070 percent
Chromiun Oe 20-0,10 percent
Copper 0450-0475 (according to
soction)

Hardness, Rockwell D o - 50 :

The ring tensions, that is, dismctral tcnsions, were mcas—
ured by mcans of an instrument especially constructed for this
purposce This instrument is showa in figure 12, and is described
in appendix As By diametral tension is meant tha' force which
when applied across the diamcter of the ring at right angles to
the gep will be just sufficient to close thc gep to that clear-
ance which exists when the ring is ia the cylinder, cold.

Mcasurements of ring tensions and gap clearances, as wcll
as groove clearances, were made before and after each run, but
changes in the lattcr were too small to be significant during
the relatively short running periods of these testse
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The lubricating o0il used in 2ll runs of this group was SAE 20
(Texaco, aircraft type) obtained from = single barrel which was kept
tightly sealed at all times when not in uses The o0il barrcl was
mountcd on trunnions and agitnted thoroughly before oil was token
from ite

Each run was divided into two vorts, designated A and B, Part
A consisted of 2 run of about 1 hour duration during which a cone
tinuous 100-foot record was taken ot slow film speed (with occasional
high-speed shots)s This part covered the first phase of the run-in
period. j

Before starting each l-hour run, the cylinder slecve was lapped
50 strokes (25 cycles) with turning motions An old aluminum piston
and cast iron rings, smeared with noe 600 lapping compound, were
uscd for this purposes The reason for the lapping was to insure
that each run would be started with the cylinder sleeve surface ag
nearly as possible the same in every case. After lapping, the cyl-
inder was thoroughly cleaned by flushing with "Versol", and a survey
of the surface roughness wes made with a profilometers In making
this survey the tracer wes moved along the surface longitudinally
only, that is, in the direction of piston motion. A lacquer speci-
men of the cylinder surface was then procured by painting a small
area of the surface with "Protectol! nos 28 brushing lacquers This
lacquer is quick drying and transparent, and can be readily pecled
off the surface in one sheet when drys The side of the lacquer
sheet in contact with the surface carried a presumably true imprese
sion of the surface, and tlms afforded a ready means of obtaining
photographic records of the cylinder surfaces All photographs of
cylinder surfacc were made from these replicas, This technique
was suggested by the Fuels and Iubriconts Division of the Aircraft
Engine Rescarch Iaboratory of the HACA,

The crankcase was then drained, 21l oil lines disconnected
and blown out with an air hose, oil pump and filter cleancd, and
the system flushed thoroughly with keroscnes A small amount of
fresh oil was thon circulated through the system and drained off,
after which the system was filled with the requisitc amount of new
0i1.

The engine was then assemblcd and a l-hour run madee The
fixed operating conditions were:

Engince speed 1200 rpm
Fuel-air ratio best power
Spark advance 309

L
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Manifold pressure atmospheric

0il temperature 1800 ¥

Jacket water temperature 1800 F

Cylinder head temperature 670770 F

Inlet mixturc temperaturc 1850 F

0il precssure LUl 1b per sq ine
Iubricating oil SAE 20 (aircraft grade

After part A the piston and cylinder were rcmoved and mcas-
urcments taken, The ring surfaces werc exomined under a nicro=
scope for evidences of wear or scuffinge The surface of the cylinder
sleceve was surveycd for changes in roughness by means of the pro—
filometer, a lacquer specimen and photomicrograph taken, crankcase
0il sampled, and the engine reasscmbled with the same rings and
without lapping thc surfaces The lubriceting oil wns not changcdes

The engine was then run contin orsly for 10 hours (pts 3B)
under the same opcrating conditions as uscd in part A, and oc-
cesional short records at high film specd were taken,

At the end of thc 10~hour run the cylinder and piston rings
werc again inspectced and measurcnents, similar to thosc madc after
the l=hour run, wcre recordede

This procecdurc was followed for cach of the four combinations
of rings listcd befores Condenscd dota on the runs are given in
tables 2 to He A sumary of the run-—in test program followse

Beforc starting run—-in tests

Typical surface of wmscd plston rings photographed, ard sur—
face roughness measurcd with a profilometer, in the cir-
cumferential dircction

Iubricating oil sampled

.

Prior to each run
0il system flushed and refilled with fresh oil (prior to l-hr
runs only)
Cylinder lepned (prior to l-hr runs only)
Cylinder clcaned with Varsol
Lacquer snecinen of cylinder surface obtained and photomicro-
graphed
Measurecmentss
Cylinder surface finish (profilometer)
Piston ring tension - all rings
Piston ring clearance in each groove (fceler gage)
Piston ring gap in standard gage
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During runs
411 usual readings takcne
Continuous film and/or occasionzl high film-speed cycles tolkens
Performance checked with cathode~rcy oscillograph
Blow=by neasured,

Test conditions

Engine specd 1200 rpn
Fuel-air ratio best power

Spark advance 300

Manifold pressure atnospheric

0il temperature i 7l

Jacket water temperature 180° F

Cylinder hend tenperature €70-770 F

Inlet mixture temperature 1850 F

0il pressure U 1b per sq.ine
Duration 1 to 10 hours

After each run
Lacquer specinon of cylinder surfacc obtained and microphoto-
graphede

Crankcasc oil sarpled

Measurenents?
Cylinder surface finish (profilomectcr)
Piston ring tension -~ all rings
Piston ring clearance in each groove (feeler gnge)
Piston ring gap in standard gage

Forogoing procedure followcd on aircraft—typc piston riage for two
cxtremncs
High tcasion, straight face,
cast iron rings e« = — - 7rTuUns 134 and 133
Low tension, straight face,
cast iron rings = — « = runs 14A and 14B
High tension, tapered face,
cast iron rings - =~ — —~ runs 15A and 153
Low tension, tepcred face,
cest iron rings - = - -~ rups 16A and 163

After completion of run—in tests
Typical surface of used piston rings photographed and surfnce
rougincss neasurcd with a profiloneter,
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DISCUSSION

Interpreiation of Friction Records

For the purposc of illustration, consider the friction rccord
shown in figure 1%#(a)e This trace rcally represents a reccord of
eylinder-slecve displacenent versus timee Three consecutive cngine
cycles (12 strokes) are shown in this rccorde The order of events
is fron left to right and the Y strokes in the first cycle (ne;ely, /
power, exhaust, suction, and compression) are indicated by the lete
ters Py By Sy and C, respectivelyes The duration of ecacl stroke is
indicatod by thc vertical lines drawn across the traces These lines
were drawn on the records with ink after developing then and the
specing was detornined by dividing the time duration of 1 engine
cycle into 4 equal partse The first vertical line, farthest to the
left at the beginning of the power stroke, rcprescnts true top cen-—
tor and wes drawn in with inke The oxact location of this line wes
deternined fron the sccond vertical line (the long one) which was
impressed on the film by the necon flash bulb in the camneras Although
this neon bulb was nade to flash exactly when the piston reached top
center at the beginning of the power stroke, it did not necessarily
indicate the truc position of top center on the filnm trace because
the image of the light spot reflected from the oscillating mirror on
the cylinder slceve was often displaced slightly to the right or the
left of the axis of the caniera lense Since it was sonevhat of a nul-
sance to adjust thc optical systom to overcome this spot displacement
evory time the cngine was teken aport and reassembled - which was
often - the displacemcnt or "top center error!" was allowed to persist
and a photographic check was nadc to deternine its magnitudee This
was done for each record by taking an image of the light spot and then
flashing the neon bulb while holding the filn stationarye Thesc check
images are not shown in the figurese The top center error varied
slightly after each cngine overhaulg

The records shown in this report, with one or two cxceptions,
have all been ricre or less traced for the purpose of rcproductions
The published records, thercforec, exaibit a roughness which was non-
cxistent in the original negaiives and niost of the fine detail has
becn loste The tracing was necessory because the brightness of the
reflected light bean was very often dinminished by condensate forning
on the inside of the lens in the nirror well (8) (fige 1l)s This was
due to snall anounts of water vepor lealing past the ncoprenc sc~l
(9)e Although this scal was satisfactory as far as actual water lcak~
agc was concerned, it wos difficult to prevent minute gquantities of
vapor from seeping throughs
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It will be noticed that at the beginning of each stroke, the
trace rises or falls abruptlye A rising of the trace indicates
that the sleeve is noving wpword and vice versas

The greatest deflection of the troce occurs at the beginning
of the power stroke where it will bc observed that the trace falls.
abruptly, then rises with equal abrupiness, then falls agein, and
finally rises slowly for the remainder of the stroke, Although this
fluctuation at the beginning of the stroke actually represents the
riotion of the slecve, it 1s not represcntative of the friction force
acting on the sleeve boceuse the initial excitation has caused the
sleceve to oscillate at its natural frequcncye

The instantaneous friction force acting would be represented by
a nean curve drawn through thosc oscillationss In this report no ate-
tempt wns nadec to measure instantencous friction; all conclusions
were drawn on the basis of friction work for the cycle. In couputing
friction work for the cycle, all cffccts of natural frequency cnncel
out provided the work loop is clescd at both endso

At the beginning of the oxhoust stroke the sleeve is pusked
abruptly upwards, but the natural frequency is not so proninente 3By
conparing this effect with that at the beginning of the power strole,
the effect of prossure behind the piston rings becormes inmediately
evidents,

Also at the beginning of the suction stroke the slecve is pulled
abruptly downward, and at the beginning of the compression stroke it
is pushed abruptly wpward, The unegnitude of thc displacenent is about
the same in either casc and less than that of the power and cxhnust
strokecse

These phenoncna arc repeated with excellent eyclic rogularity
and hence, in thc runs vhich follow, only singlec cycles are showms

Comparison of Friction Work for Scuffing Runs

Records of piston friction tsken during the scuffing runs arc
shown in figure 13, operating conditions are given in teble 1, and
friction work is swmarized in toblc 6, The method uscd to compute
friction work is given in apnendix Bs All data presented here ney

.very from true values by a maximun of iu-porcent (sce soce under

Prccision)e
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Runs 3 and ! wore made under corditions of norrnal combustion
and severe detonation respectivelys The friction records are shown
in figures 13(a) and 13{b)s The tinin: narks for thesec two rTuns were
recorded during the exhaust strolkes, tut in all other runs the tim-
ing narks were rocorded during the power strokess

It is evident that an alteration in the friction wave fori1 ac-
companies the change in combustions This alteration occurs at the
beginning of the power stroke, as would be expected, and is recog-
nized as a nore pronounced excitstion of the siceve at its natural
frequency., The friction work for these two records is the sane, NOWCVCTe

Records for the motoring and Tiring runs (nose 5 and 6) nade after
the sleeve hnd becn freshly rusted ore shown in figurcs 13(c) and 13(d),
These runs show 2 considerable increasc in the friction work over thot
of runs 3 end 4e Since thesc four runs werc all made under the sanc
operating conditions {czcept for inlet temperature, which was about
40° F higher in the first two runs), the increasc is apparently due
to tho rusted cylinder surfacece

Also, the friction work for thc notoring run, noe 5, is less than
that for the firing run, nos 6, as wonld be expeetede Tlhe next fire
ing run, nos 7, was made under the sone conditions as run nos 6, ale
thouch at a later date, and it will be noticed that the friction work
is sonmewhat lesse This difference is probably duc to the fact that
tae sleeve, which was freshly rusted in run 6, had been thoroughly
run-in by the tinc run 7 was nade, with a consequent reduction in frice
tions The record for run 7 is shown in figure 13(e).

The same conclusion can be drawn as regards runs 5 and 8, which
are notoring runs made under the sane coaditionse, Run 5 was nnde when
the sleeve had becn freshly rusted, and run & wes nade at a later date
when the slecve had been subjected to scveral hours! runnings Thus
it would be expected that the friction work would be less in run %e
The record for run 8 is shown in Figure 13(f),

Run 9 was a continuation of tiic wetoring run no. &, and 180 cu~
ble centinetors of etlhylenc glycol was added to the incoming nmixture
in an attempt to moke the piston rings scuffs The record, taken ires
nediately after the etlylene glycol hod been added, is showm in fizure
13(¢)o There is no marked ciange in the wave forn of figure 13(3
compared to that of figure 13(f), and it was accordingly concluded
that the rings did not scuff after the addition of the ethylenc glycol
under notoring conditionse The friction work for run 9 is slightly
larger than that for run 8.
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The ignition was then turned on imnediately after the motoring

run to see if the cthylene glycol which had bcen previously added
would cause the rings to scuff under firing conditiors. The firc-
tion work for this run, mo. 10, is about the same as that for tho
firing run, Bo, 7, in which the cylinder wall lubrication was uncon—
taninated.

The record obtained during run 10 is shown in figure 13(h).
Notice that the record for run 7 (scc fig. 13(e)) is almost identi-
cal with that for run 10, except that in run 10 the natural frequency
of the sleeve is nore pronounced. From a comparison of the records,
it was concluded that no scuffing took place during run 10,

Figure 13(1i) shows the rocord obtained while 300 cubic centi-
neters of ethylenc glycol was added to the inlct air with the
engine firing (rua 11). A radical change in the wave forn 1is
apparcnt, and it will be observed thrt the trace is no longer exactly
periodic. This film records the result of scuffing. When the piston
rings were remnoved after this run, they were found to bPe scuffede
The friction work for run 11, given in table 6, has two values, a
and b, corresponding to the work for each of 2 cycles in which
the wave form was at variance.

It is rather surprising to notice that the friction work during
scuffing is not greater than during nornal operation (comparc runs 7,
10, and 11), Apnarently the friction work with or without scuffing
is about the sanec. :

Comparison of Friction Work for Run—-In Tests

The friction work associated witl the various piston ring con-
binations used in the run-in tests, runs 13 to 16, is given in
table 7, and the friction rccords are shown in figures 14 to 17.

Figuro 14(2) shows the rccord taken 6 minutes aftor the stort
of run 13A wicn the rings (high-tension, straight face) were new.
The record taken 1 hour and 5 ninutes after the start of this run
is shown at (b)s The displaccments at thc beginning of cach stroke
are now less pronounced although tlie pattern of the cycle is sinilar
to that shown at (a)., The friction work has decreased by about
14 pereent.
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After the completion of run 134 the cylinder, piston, and
rings were renoved and cleaned; then reasscmbled, and run 133
comrienced. The record shown at (c) was taken 32 minutes after
the start of run 13B and is very sinilar to (b) except that the
natural frequency effects at the beginning of the stroles have
still further dininished. The friction work for this record is
only about l% percent less than that of (b).

Ten hours after thc start of run 13B the friction record
has been talton on the appecrance shown at (d). A very substan-
tial increase in the natural frequency oscillation at the begin-
ning of the power stroke has teken place while such oscillations
at the boginning of the other strokes of the cycle have practically
disappeared. This phenomenon is not ensy to cxplain.

A glance at the friction records for the other ring combina-
tions used in the run-in tosts (figs. 15 to 17) revcals that thece
records all follow the same goneral pattern displayed by the
records for runs 13A and 13B, Also os in the case of runs 134
and 13B the natural frequency excitation does not seem to be a
function of running time. 1a the record shown in figurc 17(a)
tiie natural freguency excitation at the start of the run is
practically nonecxistent, whorcas after more than 10 hours' running,
it is very much in evidence (fig. 17(d)). Apparcntly the only
goneralization that can be made rogarding this effect is that,
for any cyclec, the effect is greatest at the beginning of the
power strokee

The date given in table 7 show that during the run-in
period:

(a) The work of friction decrecscs steadily with running
time, tlie most ropid decreasc occurring with high-
tontion, tapered face rings.

(b) The deercase in frietion work with running tine is
not due to a decreasc iun r»ing tonsion, which
rcenains essentially coastonte

(¢) 1In the casc of straight—face rings, friction work is
no greater for lhigh-tension tran for low-tension
ringse

(d) In the case of tapered-frce rings, friction work is
greater for high-tension than for low-tcasion
rings.
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(¢) At the end of the run-in poriod (about 11 hours),
tapered=face rings give snaller values of friction
work than straight-Tacc ringse

Reoduction in friction after clcaning partse - It is of
interest to notice that the friction work at the end of the l-lour
run (part A) is always grecater thon the friction work at the bogin-
ning of the 10-hour run (part B) (sec table 7)« It will be rencn-
bered that after the l-hour run the cylinder, piston and rings were
rcnoved and ncasurenents taken on surfoces, ring tonsions, and so
forthe The engine was then reasscibled with the sane rings, piston,
end cylinder, and the 1lO-hour run comicncede The cylinder surface
wrs not lapped between the 1- ard 10-hour runs! nor was any other
chanze nade except to clean the rings, piston, and cylinder before
reassenblings

The cleaning process consisted ncrely of flushing the parts
in unleaded gasoline since they were always in excellent condition
after only an hour or so of runnin:ze

If the piston rings were inadvertently strctched sufficicatly
to change their dianectral tensions vhile removing or replacing
then on the piston, then some chanse in friction work nmight be
expected, although this should ternd to incrcasc the work, Howecver,
great care was used in placing and renoving the piston rings, and
rcopeated checks node on specinen rings showed that no significant
change in dianetral tension resultod from this procedurce Iforo-
over, since at least 15 ninutcs was allowed at the beginning of the
10~hour run before taking the first rccord, and lubricating oil and
Jacket water werc approxiratcly at the standard valucs beforc stort-
ing the enginc, it would be expocted that the oil film on the cylinder
walls would bc normalse

1Bxcopt in the case of run 14B, Before starting this run the
cylinder was lapped in order to ronove a snmll trace of rust which
formed on the cylinder wall overnichte The rusting was duc to wator
vapor wiich condenscd in the eylinder head leak-—off passages during
the preceding run but was in no way scriouse The rust night well
have been renoved by wiping with o cloth, but it was considored
safer to remove it by lappinze After this occurrence the eylindcr
head was always renoved inmmediately aftcr conpleting a rune The
effect of this lapping, however, does not in any way nodify the
discussion which followss
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Hence there does not scem to bc any obvious reason why this
consistent reduction in friction work occurred after the rings,
piston, and cylinder had been removed and cleaned,

Effeet of excess cylinder lubrication on friction worke =
In the first two runs nade in this scries an excess of oil was
supplied to the ring assembly on the cylinder head, and some of
this o0il worked its way past the piston to the crankease, Al-
thouzch these runs were rcjected whon this was discovercd, it
was later decided to corpute the friction work for the runs in
order to appraise the effoct of the excess lubrication on the
cylinder wallse The runs (shown in fize 1€ and designated =x
and y, table 7) werc nede with thc sane ring combination as
used in runs 13A and 13B (straight foce, high tension), dbut
notice that the friction work is rnuch less than that for runs
135 and 13B, This fact londs weight to the general assumption
that the piston and rings operate under conditions of partial
filn lubricatione Otherwise an excess of lubrication would not
rcduce the frictione

Also notice that in the case of run x (and allowing for
a 4 percent cyclic variation) the friction work does not change
significantly with time, while in the case of run y a definite
increase nay bc rccognizede In run x a constant hcad-oil flow
of 13 cubic centineters per ninutc was naintained, and this sane
value was uscd at the start of run y, but during the latter run
the flow was cut down so that when thec last record was taken, only
H cubic centimecters per nminute were supplied to the heads This
reduced flow probably broucht the cylinder walls closer to the
nornal condition of lubrication with a resulting increas in fric-
tion work,

These results further confirm the assumption that under normel
conditions the piston and rings operatc in the partizl filn rogion,

It nmay also be observed, as in the case of 2ll thc other runs
in this group, that after the rings, piston and slcove werc removed
end cleaned, there was a reduction in the friction worke

Ring tensionse - Ring tensions of piston rings, uscd in the
run~-in tests, measurcd beforc and after the runs, arc given in
tables 2 to H5¢ The changes in ring tensions were not great, but
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on actual increase in ring tensions with running time was obscrved
in many cascse In other casecs a snall decrease in teonsion was
obscrved with time, Therc does not appear to be a corrclation
between the tyne of ring and the change in tensions The change
was probably due mostly to the effect of cylinder temperature on
internal stresses in the ring rather than to any effcects of weer -
at least for the short running periods here considered.

Gap clearanccs. — Gap clearances showed an increasc with
running tine in all cases,

The change in gap clearances for all rings was approximately
t.1c sane during the l-=hour run as during the 1lO0-hour run showing
that the apparcnt rate of wear was approxinmatcly ten tines as
great during the first hour of running., High-and low tcnsion,
straisht and tapered face rings all ghowed about the same increase
with running tine, but the beveled scrapers showed considerably
greater incrcascse.

Blom-by. —~ In the casc of straight face rings, blowby was
greater  for low tcasion rings than for 2igh tension rings during
the first hour of ruaning.

In the casc of tepered face rings, this trend was rcversed.
during the first hour of running.

Also during this period tle straizht face rings gave greater
values of blow-by than the topered face ringse

Tliesc deductions nay not be genecral bocause there was con-
siderable scatter of the plotted values of blow-by, and the l-lour
runs allowed tine for the taking of only two or three neasurencnts.

During each 10-lLhour run nany observations of blow-by were
token (usuzlly ten to twenty), although only a fow of these data
are shown in tables 2 to He However, all values of blow-by for
the 10-hour runs are plotted in figure 19, where it will be
obscrved that the seatter is large ond the trends erratic.

It does not seem advisable to draw conclusions on the basis
of these curves because it appears as though some unforeseen cirTw
cunstance, such as the lining-up of ring gaps due to a slow roto~
tion of the rings, was operating to influence the results.
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Surface Characteristics of Piston Rings
Used in Scuffing Runs

Photomicrographs of the autonotive-type piston ring surfaces
are shown in figure 20. Figure 20(a) shows the surface of a new
cast iron cormression ring of the type used in the scuffing runs.
The large horizontal dark lines represont tool marks which on the
actual ring are just visible to the naked eyc. The light, verti-
cel lines rcpresent scratches whichk cannot be scen with the ncked
CYyCe

Figurc 20(b) is a photonicrograph of a similar ring aftcr
nany hours of nornal opcration. Notc thot the tool narks and
scratches have alnost entirely discppearcd. The actual ring sur-
face has a shiny, polished appearancee

Pigurc 20(c) shows a ring, of the sane type as the other two,
which wes scuffed in run 11, Notc the deep gouges and rageed
cdges.

Surface Characteristics of Cylinder Sleeve
Used in Run—-In Tests

Photomicrographs of the cylinder surface replica taken after
lapping arc shown in figure 2l. The lapping narks are clearly
visible as the oblique crisscross lincs extending from the top to
the bottom of the picturcs. These lines are the result of turning
tiic lopping piston vhile noving it in ~nd out of the cylinder. In
ficure 21(a), whicl shows the lepoed surface before run 134, scveral
heavy, horizontal, dark lines ney be cbserved.s Thesc lines are
probably grinding narks as the slecve was new at the beginning of
run 134, The lines do not eppeor in eny of the other photographs
showing, probably, that they hove been worn off.

A conparison of thesc photographs indicates that lapping
produced a surface of rcasonable unifornity, although tle surface
shown ot (¢) scens to be sonewhat coarser than the otherss The
profilonetcr, however, indicated that the lapned surfacc shown at
(¢c) was actually snoother (10 microinches average) than the other
lapped surfaces (15 microinches AVEracse) .
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This disagrccnent between visual corparison and the profilo-
neter readings nay be due to photographic technique or to the
nethod of averaging the profilometer rcadingss The profiloncter y
readings varied over a range of about 5 rms nicroinches for
these surfaces, and a mental average of this variation was tekon. }

‘
|
|

Figure 22 shows the lapped surfaces aftcr the eagine was run
for about an hour and a quarter, in cech case, with different
piston ring combinations.

The oblique crisscross lines are fainter in these nhoto-
grophs showing that the lapping naris have been worn off by the
piston motion. The scratches nade by the piston and riangs now
rredoninate and can be roccognized ns the series of heavy vertical
lincs. The horizontal, dark linecs con still be seen at (a) al-
though they are fewer and less distincte

The profilometer indicated that the lapped surfaces werec
worn smoother by running cxcept in the case of rum 15A., The
average increase in smoothness was about 3 nicroinches.

No correlation has been established as yet betweon pro-
filoneter recadings and cylinder wear, Moreover the precision
of surface measurcnments in tlis work was poors

Figure 23 shows the coandition of the sane surfaces® after
cach has been subjected to about 10 hours' additional running.
There does not appear to be any great difference between the
surface aftcer a l-hour run as compored with a 10-hour run., This |
observation would scen to indicatc that, after lapping, the sur-
facc approaches its ultinmate condition in about an hour's running
tine. This observation also agrces with the measurements nade on
piston-ring &ap clcarances.

1is noted areviously the surrf~ce vns lapped before starting
run 15B in order to remove a trace of rusts The lapping docs not
appear to have affected the condition of the surface at the end
of this 10-hour rune
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Surface Characteristics of Piston Rings
Used in Run-In Tests

Photomicrographs of new aircraft-tyme piston ring surfaces
are shown in figure 24, These rings are all factory~lappeds The
surfoace of a straight-face compression ring is shown at (2); the
vertical lapping narks cover the entirc surface showing that it
has been lappecd to full contacte This surface registers 25 micro-
inches ms on the precfilometers

The bearing surface of a beveled scraper ring is shown at (b)e
This ring is also lapped to full contacte
A tapered-face ring lepped to "line contact” is showm at (o).
The vertical lapping narks are visidle along the lower edge of the
ringe

These photographs show that the new rings all have bearing
surfaces of very nearly the same cinracter, These lapping narks
are not visible to the naked cye; the surfaces have a uniforn

) dull eppearancce

Photoszraphs of the samne ring surfaces after about 11 or 12
. hours! use are shown in figure 25¢ The lapping narks are still
clearly visible although they have becn rubbed dowvm considerablye
The straight-face comprossion ring at (a) now registers 14 nicro-
inches on the profilometers It is rather intercsting to notice
the series of finc horizontal lines on the surface of this straigat-
face rings o such lines appeer in fisure 24(a), the photograph of
the some surface before use, and spparently therc is no manner in
which thesec lines could be produced by piston notions It would
seen, therefore, that thesc lines rnust be tool nmarks which were
obscured in the photograph of the original surface by the depth
of the lapping narks, but vhich reappear as the ridges formed by
2pping wear dowm, Sinilar horizontal lines may be observed on
the upper part of the used tapered-face ring shown in figure 25(c),
but these lines do not show on the upper part of the wnused tepercd-
face ring shown irn figure 24(c)e If thesc lines were renlly tsol
narks, they would be expected to show on the upper part (unlapped
region) of this surface, Porhops it is possible that these tool
nmarks (if such they are) do not show up until they have had carbon
or oil rubbed into then while rumninge
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Photonicrographs of Piston Rings

Photonicrographs of speceimen piston rings arc shown in
ficure 26. Figure 26(a) shows the unctched surface of an suto-
notive piston rings of the type used in the scuffing runs. The
black marks show the graphite, inclusions, and so forth,

An etched photonmicrograph of the same ring is chown in (D).
he dark stringers and spots represent graphiite, the dead white
areas represent carbide, and the bockground material is perlite.
The carbide nrcas are large and spobty.

Figurc 26(c) shows the unctched surface of an aireraft ring
of the typec used in the run-in tests. The graphite, inclusions,
and so forth scen to be more pronounced in this ring.

Figurc 26(4) shows a photomicrosraph of the aircraft type
ring surface etched. The large gray arecas represent graphite,
and the narrow white areas represcnt corbides The corbide arces
are snall and well distributeds The background whitec rcpresents
ferrite which is ovidently morc evenly distributed and present
in larger proportion than in the autonotive ring.

PRECISION

Cyclic voriation in friction work, — Thrce consccutive fric-
tion cycles were sclected from the record taken at the beginning
of run 13A, and three consccutive cycles were selccted fron the
record taken at thc end of run 13A, BRun 13A woes a l-hour run,

Also, 3 consccutive friction eycles were selcected fron ecach
of thc rccords taken at the beginniag and end of run 13B, Run 13B
was a 10-hour rua., These records are shown in figure 1M,

The variation of the friction work from cycle to cycle, and
the percentage variation of each cycle fron the average of 3 cycles,
is given belows.
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i !  Friction Percentage
| Cycle ! worl area variation
|.80s . | (e in.) from
| i average
Record talken at be- 1 3' 9,35 +3.6
ginning of Run 134 2 | & 60 -4, 6
(1-hour run) 3 § Q,11 +0.83
| 4v. = 9,02
e e
Record taken at end X 7.58 o
of Run 13A {lehour 2 ! 7.41 T8
run) 3 7.62 +046
i o ;
A ) I e ; i AVD : . 5‘ -I
H
- Record taken at be- 8 i 175 +2,1 !
ginning of Fun 133 2 [ T 32 -37 i
(10-hour run) 3 1 o il g +le5 |
|
: .A.V‘. ;4 /0 B !
) Pl _r__‘_._.-_..i e e : t
Record taken at end 1 i 6,01 -0.1 : i
of Run 13B (10-hour | 2 | 6017 +2.1 |
I‘U.n) -) 5.92 -260
R S N )5 Y |

The foregoing data show that the percentage variation in
friction worlk from cycle to cycle is about U4 percent, Since
the run and the cycles selected represented random choices, it
is probably safe to assume that tiils variation is representative
of all runs. Therefors, comparisons of friction work made on the
Dasis of single cycles should be valid to within #U4 percent,

_ Although the precision could have been substantially improved
by meking compzrisons on the basis of several cycles, all compari-
sons made in this work were based on single cycles, because the
work involved in enlarging, tracing, end transforming the records
from their original coordinates to coordinates suitable for comput-
ing the friction work was considerable (see appendix B),

EEEVOiuulbLllty of results, - Aftcr the uomp]ction of runs
134 and 138 (high-tension, straight-foce rings), was decided to
repeat run 134 by way of detcrmining how closely the results could
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be duplicateds A new set of piston rings, having the same diametral
tensions, were selected, and the ecylinder was lapped, oil system
flushed, and so forth, so that at the start of the check run the
apparatus was very nearly in the same condition as at the start of
run 13A. :

The diamebral tcnesions of the piston rings measured before
thc runs weres

: Noimiaites L © B
‘ T s e e
R bR e
Run 134 5.70 § 5485 % 5036 | 990 | 10.05 1bs
Checkt run | 5.72 | 5.85 i 5087 | 9.85 | 10,00 1bs |
1

| l ! ‘

Unfortunately the record taken at the beginning of the check
run was lost due to a break in the £film, but a good record wes
obtained at the cnd of the run. IThis rceord is shown in figure
27 and compares favorably with the record shown in fizure 14(b).

-

The friction work of eczch of the 3 consccutive cycles shown
in figure 27 was computed anid comparcd with the work for eaclh of
the cycles shown in fizure 1%(b). Results avpear in the follow-
ing table’

{

% Friction

| Cyele work area
noe (sqe in.)

— e

7.68
71
7.62

Record taken st i
end of run 13A

W+

757

AV,

- - CE ISR - e

7.26
7.43
7.60

Record taken at end |
of -check run

TR

Av, = T.43
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The average friction work for the check run is 1le9 pcrcent
lcss than the average friction work of run 134, The apparatus,
therefore, yields reproducible results,

Calibration errorss, — The over-all sensitivity of the
apparatus, that is,

force acting on cylinder sleeve, pounds
vertical deflection of film trace, inches

was Cetermined by removing the eylinder head and loading the
sleeve~diaphrogm system with weights while recording the dis-
placement of the light spot on a stetionary film,

During the calibration the jacket water was maintained at
180° ¥ Dbecaunse this was the standard jacket temperature for
all ruas., What change, if any, took »lace in the over-all sen-—
sitivity of the epparatus under firing conditions is unknownm,
but such change wes probably small since the disphragms were in
no way exposed to cylinder temperatures, and, moreover, the
diaphragms formed the upper and lower surfaces of the water
jocket (see fig. 1) throush which a good circulation wes
maintained.

The scuffing runs were performed with slecve-diaphragm
systum no. 1, 2nd the total running time for these runs was
about 6 houvrs., 4 calibration of this slecve-diaphragm system
was made immediatcly after these runs, and since the diaphragnms
were thoroughly "seasoned, " having becn used at least 100 hours
in preliminary runs, it was assumed that no significant change
in the calibration took placc during the brief period of the
scuffing runs.

The ealibration curve for slecve-dilagram system moe. 1 is

hown in figure 28. :

In the case of sleeve-disgram system mo, 2, which was used
in the run-in tcsts, the experimentsl work occupied a period of
about 4 months and involved well over 100 hours' running time.

A calibration curve was determined before the runs, when the
slecve and diaphragms werc new, =nd another curve was determined
after the runs were completed. A maximum change of 5 percent in

the over-all sensitivity wes notcde An average value of over-all

sensitivity wes thereforc assumed, giving a calibration error of
i&-}g percent. Thac calibration curves are shown in figure 29.




30 NACA ARR No. 4J06

Personal crrors. - Errors made in enlarging the records in a
projector and tracing the enlarged image menually for the purpose
of constructing work loops should, by the nature of the process,
canccl out,

Film speeds ~ The high-speed film drive was powered by a
1/8-horscpover synchronous motor whica Pbrought the film drum up to
speed in a fraction of a revolution, but as a precaution, the first
few cycles of a record were discaried, Repeated use of this camecra
in meny investigations in this laboratory have shown that it is
thoroughly reliable and free from any significant crrors.

Blow-by measurements. - Zlow-by was measured by a new precision
bellows-tyne gas meter which gave readings within +1/2 percent when
calibrated at the factory. A volume of 1 cubic foot was indicnted
by 1 revolution of a pointer on a lerge dial on the front of the
neters Although it would have bosn desireble to tzke readings
bascd on 2 or 3 revolutions of tiie poiuter, this proccdure conuld
not be followed especeially in the case of the l-hour runs, because
the blow-by vas so small that the better part of an hour was ro-
quired in some cascs for the pointcr to complete 1 revolution.
Consequently, since blow-by mensurcmonts were desired at the begin—
ning and end of a l-hour run, readings vere taken over 1/2 revolu-—
tion of the pointer only, but alunys over the same arc.

Ring tensionse, =~ Diametral ring tensions werc moasured with

a precision of +l pcrecent (sce apnendix 4).

Ring gap clearance. ~ (ap cloaranccs in piston rings wcre
measured by means of a fcoler gage to the nearest 0,001 inch with
en crror of approximatcly +3 ncrcente

Over-all orecision of cxporimentnl work. — In view of the
foregoing considerations it is beliecved thnt an over-all precision
of 44 percent is a reliable figurc to use in interpreting data
prescnted horeine

CONCLUSIONS

1, Neither scuffing nor severe detonation at moderate mean
effective pressure (80 1b per sq ine) increases the friction

1
worke

20 Motoring friction work is less than firing friction worke

- ———— e S e

In thesc conclusions "frietion work" neans that work due to
Piston and ring friction only,
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3e The rotc of wear on cylinder barrels, as neasurcd by
profiloneter rendings, and thc rate of wear on rings as neasurcd
by gap increascs is much grenter durirg the first hour of running
than during the remaining 10 hours of an ll-hour running periodoa

¢ During an 1ll-hour poriod and within the range of varinbles
testeds

(a) The work of friction decreases steadily with running
tine, the nost rapid decrense occurring with high-tension,
tapored-face rings,

(b) The decroase in friction work with ruaning time is
not due to a decrecase in ping tonsion, which remains csscon-
tially coastant, '

(¢) The decreasc in friction work with running time is
undoubtedly dve to the ehenge in surface characteristics of
cylinder wells and ringse ILaponed cylinder-wall roughness
fell from 15 microinches to 10 uicroinches and lapped~ring
roughness fell fron 25 to 1Y microinches,

(d) In the case of straight-foce rings, friction work
is no greater for high-tonsion than for low-tension ringse

(e) In the casc of topored-face rings, friction work
is groater for high-tension then for low-tension ringsae

(f) At the cnd of the run-in period (11 hours) tapered-
face rings give snaller vealues of friction work than straighte
face ringss

8o corrclation has been establishicd as yet botween profilomcter
readings and cylinder wcar. Ilorcover the precision of surface neas-
urcacnts in this vork was poor; also the HACA has found that changes
in gap clenrances do not correlate well with weight changes of piston
rings and thercforec do not give a rcliable indication of wear, The
difforences in the rates mcntioned above, however, arc of the order
of 5 to 1, and should thercfore be of somc significanceo
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5, Photonicrosrashs of the structurc of commercial cast iron
rings show thnt the material customarily used in aireraft rirgs
(a) shows much larger percontage of forrite
(b) shows more free carboun

than tho naterial customarily used for automotive ringse

Massachusctts Institutc of Technology,
Cambridgc, lMasse, Jamary 27, 1G4,

APPENDIX A

DESCRIPTION OF APPATATIS FOR MEASURING

DIAMETRAL TETSICN OF PISTON RINGS .

A photogranh of the spperatusg used to ncasure diametral ring
tonsion is shown in figurec 12,

ek
"

The piston ring was placed betveen the adjustoble shoulder A
ond the sliding arm B, The sliding arm wes connected by means of

two piecces of stecl vire C to tiw uppor cnd of a spring balance Dy

To the lower end of the spring balance, a screw E wes connected
which, when tightened, trensnitted a load to the piston ring, through
the balance, wherc its magnitudic could bo read directlye

b}

I

—

The correct zap clearancc of the ring wes determined by placing
the rins in o ring gage, nachined to the exact size of the cylinder
borc, and measuring the clearance with a fecler gagee

The ring wes then placed in the npoaratus and the nicrometer
sercw F tightoned until the ring was conpressed to the corrcct gap
clecrance, Whea the nicrometer serew was in contact with the ver-
$icel shaft G on the sliding arm, a circuit was closcd which caused
the small lamp H to lighte

The scrow E was then tightored uatil the lemp went out, which
indicated that the contact betwern the nicrometer sercw and shoft G
was brokene At this point the load on the ring was equal to the ring
tension, and thc magnitude was read on the spring balances
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The platc I wes used to linc up the ring accurately. The
hcight of thc plate was just equal to the radius of the eylindore
Waien the ring was placed in the epparatus, care was taken to hove
the gap in linc with the top of the platee The platc also scrved
to linec up the ring parallcl to the basec of the machince, Aftoer
lining up the ring, thc platc was removede

The apparatus was floxibly nounted in a verticsl position,
and a snell nmotor J, with nn unbalanced disk on the shaft, wos
uscd to vibratce the npporatus in order to diminish static frictlons
The notor was mounted on the back of the spparatus, at the top,
and does not show to adventages

Repeated ncasurenents on a given ring were in agreenent within
one pereonts All values rcad off the spring balance were corrccted

for the weicht of the sliding am and those parts hanging on the
sliding arn,

APPENDIX
COMPUTATION OF FRICTICN WORK

In computing friction work fron the fila records it was Tfirst
necessary to determine the deflecting forec acting on the cylinder
sleeve, corrcsponding to 2 given ordinate on the film records This
information was obtalned as explaincd in the section on Prccisione

The ealibrotion curves arc shown in figurcs 28 and 29,

In the fellowing cxposition, only the data pertoining to slecvoe
diaphragn syston nos 2 will be usede

The over—all sensitivity of the apparstus is defined as

K= X = force acting on eylinder slccve, pounds
Df wvertical deflection of film trace, inches

From figure 29 the average velue of K is 390 pounds per inche

It is neccssary to convert the tinc scale on the filn to n dise
tance scale so that thc product of the two coordinates will have the
dimensions of worke Tihe records shovm in this report give the vario-
tion of sleevec displacenent with tinmc during the enginc cyclcs
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If the tinme axis (which, ot counstant film and enginec speed, is
directly proport4enal to crank angle) is tranforned to give the dise
tance of the piston from top ccnter at any instant, then the sunnems
tion of the product of the two coordinntes is proportional to the
friction worke

The time scale on the film can be converted into dezrces crank
angle and the corresponding distance of the piston from top center
dcternined by stroight-forward neasurencnt and computation, but the
process is laboriouse Considerable cffort was saved by using the
MeI¢Te transfer machines The transfer nechine is an npparatus uscd
in transforning pressurc-crani anglc indicator diagrans to pressuroc-
volune diagranss

A photograph and schematic diagrem of thc machine are shown in
figures 30 and 31,

The nachine consists cssentislly of two sliding tables A and B
which are free to nove in a horizontal directions The tablc A is
actuated by the belt C which passecs over the drun D and the pullcy Ee
The table B is actuated by tho disk F and the commecting rod G The
drun and the disk arc rigidly fastened to the shaft H, When this
shoft is rotatcd through a given are, the linear displacencnt of the
table A is directly proportional to the are, while the linear dise
placcnent of the table B 1is directly proportional to the linear dis-
placenent of a piston in an actual cnginc having the same raiio of
crank radius to connecting rod lengthe This ratio nay be varied on
the transfer machine by changing the effective length of the rod G
by neans of thc slot J and the clamp at Ke

A pressurc-crank angle diagron is placed on table A, and a blank
sheet of paper is placed on table B Thc "top centor! position for
both tables is fixed by plncing the pointer L on the top center liae
on thc pressurc-cranz angle diagran and noving the tsble B as far to
the right as vossibles A claup M on toble A allews this tablc to be
noved independently of the belt C while naking this adjustmentas

After the tobles have been lined up on ton center, tho drun D
is rotated by hand until the pointer L is at bottom center position
on thc pressurcecrank angle diagreme The pointer L is connected to
the stylus N tlirough the rod P which is constrained to move trans-
versely by the guides Qs

A swall cleoctric motor R wiich drives drum D at very slow
speed is then starteds As table A nmoves to the left, the pointer
L is heold on the indicator line by the opcratore The stylus N
then traces out thie corresponding preossurc-volune diagran,
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In this transfer process 1800 on the crank-angle scale is
transferred to a scale 5 inches long on which the distance of the
piston from top center is reoprescntedes In the case of indicator
diagrams, this scale must be rmultiplied by the area of the piston
to conpletc the.pressure-volume transformation, but in the case of
friction records, cylinder volumes are not nccessary, and thc trans—
ferred scalc can be uscd directlys '

The transfer machine acconnodatcs a pressure-crank angsle indi-
cator diagram which is 9 inches long for 3600 of crank rotationd
Thus, in using the machine to transfer friction records, onch 360°
interval nust be enlarged to 9 inchese This enlargencat was effccted
by placing the rocord in a plotogrephic enlarger and tracing the iim
age on cross-scction paper with a poncil,

One engine revolution on the film record is rcnresented by

60 V
! s '"ﬁ’i inches

where
Vs film speced, inches per second
N enginc rpn
The required enlarzement of the film rccord is-then

M:H:_ﬂ_g..
L 60 V¢

In enlarging the abscissa scale on the film record the ordinate
will be correspondingly enlarged so that 1 inch on the onlarged ordi-
nate scale will represent K/M pounds per inche The ordinatc scale
is not altercd on the transfor machine, however,

Two consecutive strokes (1 rovolution) of the enlarged friction
record are then placed on the transfer mechine and converted into a
force-piston-position diagrams The rosult is showm in figurc 32 The
upper diagran represents the loop obtaincd if the two consceutive
strokes happon to be the suction and corpression strokes and the lower

diagran ropreosents the result obtained if the power and cxhoust strokes

are takens
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Since the strokc of the éngine is le5 inches, 1 inch on tho
transforned abscissa scale will represent 4e5/5 inches of piston
notione Hence 1 square inch of the friction work loop represents

X x H!E X o foot pounds
M 5 le

If A, ropresents the arca of the friction work loop for the
power and exhaust strokes and A, ropresents the area of the fric-
tion work loop for the suction and compression strokes, tacn the
frietion work for 1 cycle is

Koo dind o 2
W::(A1+A3)X-ﬁx -5. XEE

and with X = 390 pounds pecr incii for the case of sleeve-diaphragn
systen noe 2 and a fila spced Vg of 25 inches per sccond, this
expression becones

4g70
Ve —%}« (Al +—Aa) ft-1bs pcr cycle

The piston friction mean effective pressurc is defined as

pfnep = friction work of cycle, 1 nch-pounds

piston dlsplaCCAcnt, cubic inches

and is given by

4g70

PINcop w we= (-A- + A ) XPla % “”]:""'
N 37e3
- 1570 (“'1 s “3) pounds mer squarc inch

W

wicre theo figure 37,3 is thc piston displacencent in cubie inches,
and the factor 12 coaverts foot—pounds to inch-povnds

Piston friction horsepower is given by

WX ¥
pfhp = j....>.<_i.[..2. = 0,0737 (4,+ A)

33,000
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It nay be pointed out that the work loops shown in figure 32
arc aliost, but not completely, closedes This situation obtains to
a greater or lesser degree for all recordse The beginning and end
of the friction trace for a given stroke is indicated by littlc
circles at thc right and left hand ends of the loopse The right

hand ond of the loops is always closedy of course, bccause the trece
Y H}

has not been broken here, but when the lower branch of the loop is
folded backward, it does not always nect the beginning of the upver

branchs This is duc to resonant excitation of the sleeve, ond gives

2 slightly crronecous valuc for the friction work of 1 revolutione
In the case of figure 32 the work arcas for both loops would be
grenter than the true work area,

In other cascs, however, thc two branches of the loop cross
at the left hand side, giving a snaller valuc of friction work than
the truc value,

On the average therc were about as nany loops which gcave hich
values of friction work as there were loops giving low volucs, 2nd
the maxirmn variation, duc both to this csusc and cyclic variation,
in operating conditions wes x4 percent (sece discussion undcr Pro-
cision)s
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TABLE I
Scuffing Runs

38

N
Brake Inlet [Coolant |0il
Run Temp,|{ Temp, |Temp,| RP M Remarks
1lbs ° ° °
F F F

3 18,8 180 180 180 1800 Firing, no detonation
(see figure 134)),

4 18,8 180 180 180 1800 Firing, severe detonation
induced by ethyl-nitrite,
no scuffing (see fig, 13b)

S | =9.,3 144 175 178 1800 Motoring, rusted sleeve,
no scuffing (see fig, 13k))

6 18,5 142 184 178 1800 Firing, rusted sleeve,
no scuffing (see fig, 133)

7/ 19,0 140 179 180 1800 Firing, no ethylene glycol,
no scuffing (see fig, 13e)

8F h=8.0 135 183 179 1800 Motoring, no ethylene
glycol, no scuffing (see
fig, 13f)

9 |-8,0 165 180 181 1800 Motoring, 180 cc ethylene
glycol added, (see
fig, 13g)

10 19,0 145 180 181 1800 Firing, no ethylene glycol
added (see fig, 13h)
pLh L 18,5 140 178 180 1800 Firing, 300 cc ethylene

glycol added, rings scuffed
(see fig, 134)

Cylinder head:
Cylinder sleeve:

Piston:

Piston rings:

see figure 5,

Spark advance: 30°

Lubricating oil:

Fuel:

No,

No, 1; no junk rings; see figure 1,

1l; SAE 4140 steel, pitted
moderately after run 4 as a result of
rusting,

No, 2; aluminum; see figure 5,

Upper 3 grooves: broad face, cast iron,
compression rings, see figure 5,
Lower 2 grooves:

SAE 40

cast iron, scrapers,

Automotive, about 70 octane,
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Run-In Tests: Condensed Data on Operating Conditions for Runs 13A and 138
Run 13A

Running nlet | sieeve | FME1NE

Time Bll'%:e Tuix. Temp, 011 Blow = by Romaria

emp, °p Temp, | ¢u ft/ar
h=-m °F °F
0= 0 Started engine; recording centinuously. at
slow f1lm-speed,

0=-06 18.4 182 180 175 High-speed record taken (see figure 14@).
0-12 2,64

0= 50 2,58

1-0% 18,9 183 178 177 High~speed record taken (see figure 14%)),
1-07 Fllm expired; finished run; shut down,

Head 01l burned or blown out with exhaust: 50 cc,

Cylinder surface before run (lapped): 15 micro-inches, see figure 21l@a)
Cylinder surface after run: 10 micro-inches, see figure 22a)

Piston rings: Upper 3 grooves, cast iron, compression, high tension, straight face, lapped
to full contact, see f‘!§ures 6a and 24@), Lower 2 grooves, cast iron, beveled
scrapers, lapped to full contact, see figuress 10 and 24b),

Diametral ring tensions and gap clearances:

Groove No,! o 2 3 4 5
Tension before run, 1vs, 5,70 5,85 5,68 9,90 10,05
Tension after run, lbs, 5,62 5.81 5,66 9,82 10.04
Clearance bsfore run, ins, 0,015 0,013 0,013 0,013 0.012
Clearance after run, ins, 0,016 0,014 0,014 0,015 0,014
Run 13B
Tnlet = Engine
e | | A e | A, | SRR e
L —:§=LP —,————=§§==—_—_—%
0= 0 Started engine,
0- 32 18,1 183 182 174 High-speed record teken (see figure 140),
0- 49 1,68
1- 24 1,62
3-31 19,6 183 182 177
3-34 2,22 Maximum blow-dby,
5- 22 1,92
5-41 20,0 183 180 178 Max imum brake,
9~-33 1,68
10 - 00 20,0 183 179 179 High-speed record taken (see figure 14d),
10~ 03 Finished run; shut down,

Head o0il burned or ‘blown out with exluus.t: 20 ec,

Cylinder surface before run: Same as after run 13A, 10 micro-inches, see figure 22a).

Cylinder surface after run: 9 micro-inches, see figure 23a).

Piston rings: Same as run 13A,
Diametral ring tensions and gap clearances:

Groove No,! 1 2 3 4 5
Tension before run, 1lbs, 5,62 5,81 5,66 9,82 10,04
Tension after run, lbs, 5,63 5,80 5.76 9,95 10,00
Clearance before run, ins, 0,016 0.014¢ 0,014 0,015 0,014
Clearance after run, ins, 0,016 0,014 0,015 0,015 0,018

1Grooves are numbered from the top to the bottom of the piston,
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TABLE 3
Run-In Tests: Condensed Data on Operating Conditions for Runs 14A and 14B
Run 14A
Running Inlet | o) eeve | ENBiNe
Time Brak kot W gel Blae - by Remark
;b o Temp , .,;?‘ Temp, | eu £t/hr oS L
h-m . °F °F
0=-0 Started engine; recording continuously at
slow film-speed,
0-10 6.35
0=-156 19.2 183 180 181 Righ-speed record taken (see figure 15@),
Q-40 5.21
1-00 7.3 183 178 183 High-speed record taken (see figure 1Sb),
1-01 5.17
1-05%5 Film expired; finished run; shut down,
_ =
Head o0il burned or blown out with exhaust: 42 cc,

Cylinder surface before run (lapped):

Cylinder surface after run:

Piston rings:

14 micro-inches, see figure 21b)

10 micro-inches, see figure 22b),

Upper 3 grooves =-- cast iron, compression, low tensioff, straight face, lapped to
full contact, see figures 7 and 24@), Lower 2 grooves -- cast iron, low tension,

beveled scrapers, lapped, see figures 10 and 24,

Diemetral ring tensions and gap clearances:

Groove No, 1 2 3 4 5
Tension before run, lbs, 3.64 3,62 3.59 8,50 8,49
Tension after run, lbs, 3.53 3.45 3.47 8,52 8,49
Clearance before run, ins, 0,013 0,014 0,013 0,013 0,013
Clearance after run, ins, 0.014 0.0158 Q,018 0,014 0,015
Run 14B
Tnlet Engine j
R“.;‘{‘::‘ Brake Mix, 5%::: 041 Blow - by Sl
1bs, Temp, op G Temp, cu ft/nr OmaI
he m °F °op
— -
o= 0 Started engine,
0-05 20,0 192 190 181 Took high-speed recard (see figure 15¢).
0-5% 1.42
2-35 0.80 Minimum blow-by,
6-10 20,9 185 178 179 Maximum braie,
8 - 30 0.88
9 - 5% 20,9 182 181 178 High-speed record taken (see figure 15{),
10 - 00 Pinished run, shut down,
Head oil burned or blown out with exhaust: 65 ce,

Cylinder surface before run (lapped):

Note:

Cylinder surface after run:

14 micro-inches,

Due to the fact that a small trace of rust formed on the ecylinder sleeve
overnight, the sleeve was lapped before starting this run,

10 micro-inches, see figure 23b)

Piston rings: Same as Run 144,

Diametral ring tensions and gap clearances:

Groove No, 1 2 3 4
Tension before run, lbs, 3.53 3,45 3.47 8,52
Tension after run, lbs, 3,47 3.42 3.41 8.40
Clearance before run, ins, 0,014 0,015 0,015 0,014
Clearance after run, ins, 0,015 0,015 0,016 0,017
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Head oil burned or blown out with exhaust:

Cylinder surface before run (lapped):

Cylinder surface after run:

Piston rings:

TABLE 4
Run~In Tests: Condensed Data on Operating Conditions for Runs 15A and 15B
Run 154
lﬁmm Inlet | gjeeve | ERRine
Time B{;‘:“ TI‘G:XI;. ‘!':I;p. _10, :1 y 2‘11";; /ﬁly. Remarks
hem op op
0- 0 Started engine; recording continuously at
slow film-speed,
0=-07 19.0 185 170 182 High-speed record taken {see figure 1&@).
0=-16 2,10
0-35 19,6 186 182 180
0-50 2,16 Maximum blow-by,
0-8° 19,7 185 178 180 High-speed record taken (see figure 16d).
1-03 Film expired,
1=-11 2,10
1-22 Finished run; shut down,
17 ce,

10 micro-inches, see figure 2ls)
10 miero-inches, see figure 226)

Upper 3 grooves -- cast iron, compression, high tension, tapered face, lapped to
line contact, see figures 8 and 24k), Lower 2 grooves =-- cast iron, high tension,

beveled scrapers, see figures 10 and 24p),

Diametral ring tensions and gap clearances:

1

Groove No, 2 3 4 5
Tension before run, lbs, 8.3 6,23 6,28 9.94 9,02
Tension after run, 1lbs, 6,13 6,28 6,31 9,85 9.90
Clearance before run, ins, 0,013 0,015 0.016 0,014 0,013
Clearance after run, ins, 0,014 0,016 0,018 0,016 0.014
Run 158
Running | prope I;}::' s%eeve Bbcﬁm Blow - by
Time 1bs Temp. 2';" Temp, | ou ft/hr Remarks
h= m iy %
0- 0 Started engine,
0-09 2,52
0-17 19,2 183 180 180 High-speed record taken (see figure 16G),
2-41 19,7 188 178 180
4+~ 55 20,2 186 182 180
8- 10 2,28
9~ 30 2,46
9 - 55 20,2 184 175 180 High-speed record taken (see figure 16Q),
10~ 00 Finished run; shut down,

Head o0il burned or blown out with exhaust:

Cylinder surface before run:

Cylinder surface after run:

Piston rings: Same as run 154,

Qiﬂgtl«al ring tensions and gap clearances:

Groove No, 2l
Tension before run, lbs, 6,13
Tension after run, lbs, 6,55
Clearance before run, ins, 0.014
Clearance after run, ins, 0,015

63 cc,

Some as after run 15A, 10 micro-inches, see figure 22¢),

10 micro-inches, see figure 23k)

S & 5
6,31 9,85 9.90
6,44 9,77 9,88
0.018 0.016 0.014
0.019 0,017 0.017
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TABLE 5
Run-Tn Tests: Condensed Data on Operating Conditions rfor Runs 16A and 16B

_Run 16A
Tnlet Engine s
R‘;T:.n' S;';ke Mix, S%:;;e 011 Blow -At;ly‘ Hemeni
bs Temp, ¢ Temp, | en ft -
heam °® i .
0= 0 Started engline; recording continuously at
slow filnm-spesd,
0-10 18,5 183 180 179 High-speed record taken (see figure 172),
0-28 1.20
0 =53 20.0 184 182 180 High-spsed record taken (see figure 17M),
1-14 1,38
l1-28 Finished run; shut down,

Head oil dburned or blown out with exhaust: 103 oc,

Cylinder surface before run (lapped): 15 micro-inches, see figure 214),

Cylinder surfece after run: 12 micro-inches, see figure 224),

Piston rings: Upper 3 grooves -- cast iren, compression, low tension, tapered face, lapped to
line contact, see figures 9 and 24f) Lower 2 grooves =- beveled scrapers, see

figures 10 and 24b),

Diamatral ring tensions and gap clearances:

Groove No, 1 2 3 ] 5
Tension before run, 1bs, 3,41 3,38 3,52 8,32 8,29
Tension after run, lbs, 35,30 3,58 3,47 B.43 8,48
Clearance defore run, ins,’ 0,011 0,013 0,014 0.0R O.SR
Clearance after muna, ins, 0,018 0,014 0,018 0,0 0,
Run 16B
=T
Inlet Engine
nm‘.“ Brake Nix, S%:;;o oil Blow = by Remarks
1bs Tenp, op " Temp, | ou ft/hr
h=m r °F
0= 0 Started engine,
0-20 2.1 183 180 176 High-speed reecord taken (see figurs 176),
0~-55 1,16
3=30 21,2 184 178 180
4-00 0,834 Hinimum bBlovw-by,
6-02 21,6 182 178 180
9~-51 1,88 Maximum dlow=-by,
9 -53 20,9 184 179 180 High-speed resord taken (see figurs 176).
10 =00 Pinished =un; shut down,
Sl M

Head o1l burned or blown out with exhaust: 5 cc,

Cylinder surface before run: Same as after run 16a, 12 micro-inches, see figure 22d)

Cylinder surface after run: 10 micro-inches, see figure 234),

Piston rings: Same as run 164,
Diametral ring tensions and gap clearances-

Groove No, 1 2 3 4 5
Tension before run, lbs, 3.30 3,58 3.47 8,43 8,48
Tension after run, lbs, 3,29 3,55 3,48 8,33 8,49
Clearance before run, ins, 0,012 0,014 0,015 0,012 0,018
Clearance after run, ins, 0,012 0,014 0,016 0,013 0,016
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TABLE 6

43

Friction Data for Scuffing Runs
Sleeve-diaphragm System No, 1

Run
No,

3
4

10

lla

11v

Friction

wzgxﬂﬁ:r PFMEP 1
15,9 5,13
15,8 .11
22,2 T old
29,2 9,42
25,6 8,26
18,4 5,92
20.0 6,45
é4.2 7.80
23,7 7.63
22,3 719

PFHP?

£t 1lbs

0,435
0,433

0,604

0,797

0,700

0.502

0,546

0,661

0.646

0,608

Remarks

T s i

Firing, no detonation,

Firing, severe detonation
Iinduced by ethyl nitrite,

Motoring, sleeve freshly
rusted, no scuffing,

Firing, rusted sleeve,
no scuffing,

Firing, no ethylene
glycol, no scuffing,

Motoring, no ethylene
glycol, no scuffing,

Motoring, 180 cc ethylene
glycol added, no scuffing,

Firing, ethylene glycol
as in (9), no scuffing,

Cycle a, firing, 300 cc
ethylene glycol added,
rings scuffed,

Cycle b, 300 cc ethylene
glycol added, rings scuffed

1 PFMEP = piston friction mean effective pressure

2 PFHP

= piston friction horsepower



Table 7

Friction Data for Run-Tn Tests
Sleeve-diaphragm System No, 2

w-47

Beginning of Run End of.Run
Run 1
Work Sum of | Work
No, PFMEP? PFMEP2 Sum of Remarks
c;:ze AV ger | PFmpS eﬁi?gns C;z?; b per | PFHP? |, Ri?‘
£t,1b, sq in T £t 1b 5q in e;x:sc.ms
134 | 35,0 | 11,3 |0,636 | 37,2 30,2 9,71 0,549 37,0 High tension, straight-face
rings, 1 hr, 7 min, run,
13B | 29,8 9.58 | 0,541 7.0 | 25,1 8,08 0,457 37.1 High tension, straight-face
rings, 10 hr, run,
14A 33,1 10,65 | 0,601 27,8 31,4 10.10 0,571 7.5 Low tension, straight-face rings,
. 1 hr, 5 min, run,
14B 29,4 9,45 | 0,533 27.5 24,8 7.97 0,450 27.2 Low tension, straight-face rings,
10 hr, run,
15A 39,2 12,62 | 0,713 38,6 31,9 10,2 . High tension, tapered-face rings
i o Nl K 1 hr, 22 min, run, ’
158 25,2 8,11 | 0,458 38,5 23,6 T o9 0,428 38,9 High tension, tapered-face rings,
10 hr, ™un,
16A 27,2 8,74 | 0,493 26,9 25,8 8, Low tension, tapered-face rings
30 0,469 27,3 1 nr. 28 nh!‘. g ’
168 | 22,3 7.19 |o0.405 | 27,3 | 19,5 6,28 | 0,355 | 27,1 Low tension, tapered-face rings,
10 hr, run,
X 21,3 6.85 | 0,385 37.8 22,9 - . High tension, straight-face rings,
By Sattat 20 1 hr, 20 min, run, Excess lubricat-
ing oil on cylinder walls,
y 20,3 6,51 | 0,367 | 37.8 | 23,2 0 o High tension, straisht-face rings,
i e il 10 hr, run, 'Excess lubricating
oil on cylinder walls,
3 PFMEP = piston friction mean effective pressure

Z PFHP

= piston friction horsepower

‘ON ¥YV VOVN

20r%

(4%



NACA ARR No. 4J06

Enlarged scction of ring aseombly

Fi £
gure 3.- gsctional view of cylinder head No, 2 showing junk ring asssembly.



w-47

NACA ARR No. 4J06

showing junk rings A, and spacer rings
.0, K

Figure 2.- Photograph of cylinder head no.

2,
B,

Fig.

2



NACA ARR No. 4J06 Figs.

Figure 4.- Specimen piston friction record taken
at a film speed of 0.295 inches per second.

Figure 5.- Photograph of aluminum piston no. 2,
and automotive-type cast-iron piston rings
used in scuffing tests.

4,5
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53/4 TO 6 POUNDS TEN.
REQUIRED TO CLOSE
JOINT. APPLIED AS

SHOWN_
|

3.250 DIAMETER

ol N HONE &
Tolerance p 10 2
BopX 45° CHAM

On all fractional machine
dimensions allow %.010.

Decimal dimensions &,001
unless otherwise specified. T

CIRCULARITY .005-015

Figure 6 . Detail draw of straight face, high tension
compression rings used in Runs iBA and 13B.

33/8 T0O 35/8 POUNDS
r_m_mumun_m

u__snm

CONCENTRIC
WITHIN 004

SQUARE DIAMETER

X—m &
QX 43° CHAM

R

CIRGYLARITY .005-018 ENLARGED SECTION

Figure 7 . Detail drawing of straight face, low tension
compression rings used in Runs l4A and 14B.
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6 TO 61/2 POUND
REQUIRED TO CLOSE
JOINT. APPLIED AS //

CONCENTRIC
WITHIN 004
SQUARE |
JOINT

GIRCGULARITY .005-015

Figure 8 .

Tolerance
On all fractional machine
dimensions allow #.010,
Decimal dimensions #.001

unless otherwise specified.

50 DIAMETER

Figs. 8,9

MUST BLEND
ggﬂu“wnu
20

N hone g,

Detail drawing of tapered face, high tension

compression rings used in Runs 15A and 15B.

ﬁ l L. 062
0625
.||g
&) & js
31/4 70 35/8 POUNDS
TENSION REQUIRED TO CONCENTRIC
CLOSE JOINT. APPLIE WITHIN 004
AS SHOWN.
1/32 X 45" SCUARE: 3.250 DIAMETER
CHAM, JOINT
. - -
ATHE| FINISH 8'8
N
J
2
CIRCULARITY .005-.015 £
Figure 9 . Detail drawing of tapered face, low tension

R 010
‘oe0X 45° CHAM,

T

*J_'—{t—%(——— Mys N

compression rings used in Runs 16A and 16B.
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f

81/4 TO 1012 POUNDS <7

TENSION REQUIRED /,
TO CLOSE JOINT.
APPLIED AS SH i

NCENTRI
WITHIN .004

o gl |

Figs. 10,11

3.250 DIAMETER

1TY !

Figure 10.

=l

Tolerance
On all fractional machine

dimensions allow %.010.
Decimal dimensions =,001

unless otherwise specified.

Detail drawing of beveled scraper rings

30 D/A. 2as 3a

3.2
3232 44 [ ANDS

3.8/8 QIA. /T L[AND |

u?ﬁ? DIA, 222w
2784 " {8 cROGVES
9 /A, £,

7 g

iy

¥

1 VE
I _DiA, O
M LA

3.23¢_D/A. OF SKIRT

3.238

LD6ES
0

096
097

g -0Q2O0R. IN BOTTOM

CORNERS OF ALl RING _GROOVES
L
.

Figure 11.- Modified design of Etkyl Gasoline Corporastion aircraft-type
aluminum piston used in run-in tests.
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Figure 12.- Photograph of apparatus used for
measuring diametral ring tensions.

Fig.

12
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NACA ARR No. 4J08 Fig. 13

il
j

(a) Run 3, engine firing, no (b) Run 4, engine firing, severe
detonation. detonation,

(e) Run 5, engine motoring, sleeve (d) Run 6, engine firing, sleeve
freshly rusted. freshly rusted.

|

(e) Run 7, engine firing, rusted (f) Run 8, engine motoring,
.Sleeve now run in. rusted sleeve now run in.

(g) Run 9, engine motoring, 180 cc.(h) Run 10, engine firing,

ethylene glycol added to incom- immediately after motor-
ing mixture. ing run no. 9.

: s ‘
(1) Run 11, engine firing, 300 cc, ethylene glycol added to incom-

ing mixture. This record shows the effect produced by ring
scuffing.

;

Figure 13.- Friction records obtained during scuffing runs. (See
Table 1,) Time increases from left to right. An up-
ward displacement of the trace indicates an upward
displacement of the sleeve.
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(a) Record taken 6 minutes after start of run 13A. :
=
o
(o))
(b) Record taken 1 hour and 5 minutes after start of run 13a.
(¢) Record taken 32 minutes after start of run 13B.
(d) Record taken 10 hours after start of run 13B. g?
Figure 1.~ Friction records teken during run-in tests with high tension, straight -

face, compression rings. Engine speed 1200 r.p.m., film speed 25 inches
per second., See Table 2.
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(a) Record taken 15 minutes after
start of run 14A.

(b) Record taken 1 hour after start
of run 14A.

(c) Record taken 5 minutes after start
of run 14B.

(d) Record taken 9 hours and 55 minutes
after start of run 14B.

Figure 15.- Friction records taken during run-in tests with
low-tension, straight face, compression rings.
speed 1200 r.p.m., film speed 25 inches per seco

Table 3.

Engine
nd. See
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NACA ARR No. 4J06 Fig. 16

(a) Record taken 7 minutes after

start of run 15A.

N

(b) Record taken 59 minutes after
start of run 15A.

(c) Record taken 17 minutes after
gstart of run 15B.

(d) Record taken 9 hours and 55
minutes after start of run 15B.

Figure 16.- Friction records taken during run-in tests
with high-tension, tapered face, compression rings.
Engine speed 1200 r.p.m., film speed 25 inches per
second. See Table 4.
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NACA ARR No. 4J06 Fig. 1%

(a) Record taken 10 minutes after
start of run 16A.

{b) Record taken 53 minutes after
start of run 16A.

(c) Record taken 20 minutes after
start of run 16B.

ii

(d) Record taken 9 hours and 53
minutes after start of run 16B.

Figure 17.- Friction records taken during run-in tests
with”“low-tension, tapered-face, compression rings.
Engine speed 1200 r.p.m., film speed 25 inches per
second. ©See Table 5.
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W—47

(a) Record taken 10 minutes after
gtart of rcun X.

(b) Record taken 52 minutes after
start of run x.

{c) Record taken 30 minutes after
start of run y.

(d) Record taken 9 hours and 58
minutes after start of run y.

Figure 18.- Friction records taken during runs in which
an excess of lubricating oil was supplied to the
cylinder walls.
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3.5

W-47

3.0

High tension, tapered face

Run 15B
A /

2.5 74 % B
A h-—-_-—“—_——‘/
N High t Afl. traight f
e ension, stra ace
B Run 13B
y 2.0 ,/ S
. 2 il e
S / O O\\O‘\
] O ’ O~ &
+
Y 1.5 ﬁ_t'\ —= +_-'_i
; i + e e
>3 o) T
g \/4\ | +/ =
S i it g _~Low tension, tapered face
B el 55 - I Run 16B
100 oy & i PSE G ﬁ
SRR s SR
+ & K T— — dL———a-.
¥ Low tension, straight face
Run 14B
5
0 2 4 6 8 10

Running time, hours

Figure 19.~ Effect of running time on blow-by during the run-in
reriod for various types of piston rings.
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g
i
|
‘2!!5
8
i'j
|
S
i SR
-,
i
T N
"
i |
'
4.
g
(a) Surface of unused, straight- (b) Surface of ring of the
face, unlapped compression type shown at (a) after
ring. The horizontal lines many hours of normal
are tool marks; the vertical operation.

lines are scratches.

(¢). Surface of ring of the type

shown at (a) which was scuffed

dns pun el

Figure 20.- Photomicrographs of surraces of specimen automotive-

type piston rings used in scuffing tests.

Magnification 25 X.



fa) Surface before run 13A, (b) Surface before run 14A,
15 micro-inches rms. 14 micro-inches rms.

{c) Surface before run 154, (d) Surface before run 16A,
10 micro-inches rms. 15 micro-inches rms.

Figure 21.- Photomicrographs of surface replicas of cylinder sleeve
no. 2 after lapping with no. 600 compound. The oblique vertical
lines are lapping marks. Magnification 25 X.



W=

| 'NACA ARR No. 4J06 Fig. 22
[
|

a) Surface after run 13A, (b) Surface after cun 144,
10 micro-inches rms. 10 micro-inches rms.

(c) Surface after run 15A, (d) Surface after run 164,
IO micpo-inches rms. 12 micro-inches rms.

Figure 22.- Photomicrographs of surface replicas of cylinder
sleeve no. 2. These photographs show the effect of about
1 1/4-hours running time on the lapped surfaces shown in
Figure 21. Magnification 25 X.




NACA ARR No. 4J06 , Fig.~ 23

| (a) Surface after run 13B, (b) Surface after run 14B,
£ 9 micro-inches rms. 10 micro-inches rms.

|

}

| kc) Surface after run 15B, (d) Surface after run 16B,
oy 10 micro-inches rms. 10 micro-inches rms.
| ;
\
|
|
|
|

Figure 23.- Photomicrographs of surface replicas of cylinder sleeve
no. 2. These photographs show the effect of about 10 hours
additional running time on the surfaces shown in Figure 22.
Magnification 25 X.
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(a) Surface of unused, straight (b) Bearing surface of unused,
face, compression ring lapped beveled scraper ring
o fullll “eontact. .The vertical lapped to full contact.
lines are lapping marks, (see The vertical lines are
also Flgure 6), 25 micro-inches lapping marks (see also
G Tla S figure 10).

(c) Surface of unused, tapered
face compression ring, lapped
to '"line" contact. The verti-
cal lines on the lower edge are
lapping marks (see also Figure 8).

Figure 24.- Photomicrographs of surfaces of specipgen aviation-
type piston rings used in run-in tests. Magnification 25 X.
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NACA ARR No. 4J06 Fig. 25

(a) Surface of straight-face, (b) Bearing surface of
compression ring; 14 micro- beveled scraper ring
inches r.m.s.

(c) Surface of tapered-face
compression ring.

Figure 25.- Photomicrographs of surfaces of specimen aviation-
type piston rings. These photographs show the effect of
about 12 hours running time on the lapped surfaces shown in
Figure 24. Magnification 200 X%
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(a) Automotive type; surface
unetched.
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Figure 26.- Photomicrographs of surfaces of piston rings used in
scuffing tests and run-in tests.

g .

(b) Automotive type;
etched.

Fig. 26

bl

surface

{d) Aircraft type;
etched.

Magnification 350

surface

A



Figure 2%7.- Friction record taken during the run made to check the
reproducibility of the apparatus. Compare with Figure 146).
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Load on sleeve, 1b

Fig. 28

16

1 //7///

120

100 (3

80 /27

60 //

40 ///
1" film trace deflection = 330 %b
Jacket water temperature = 180 'F

20 =&

O 010 Ozo 030 .40 050

Film trace deflection, in.

Figure 28.-~ Calibration curve for sleeve-diaphragm system No., 1
used in scuffing tests.
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160
140
Before run~in tests
After run-in tests.._
Average .
120 (
v
/
/,
/.
100
)
—~
- 80
()}
@
]
(6]
g
Q
3
- 60 7
//
% /
7,
/ 1" film trace deflection = 390 1b (Ave.)
Jacket water temperaturs = 180 °F
K F——CF
0 «10 .20 .30 .40

Fig. 29

Film trace deflection,

in.

.50

Figure 29.,- Calibration curves for sleeve-diaphragm system No, 2
uged in run-in tests.
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Figure 31.- Schematic diagram of M.I.T. transfer machine.
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NACA ARR No. 4J06 Fig. 32

+60F
<
e sa0r
o Suction
5 +20}//\\‘——-—-_*“\"_—_——-—“-"—"\‘\\““““\\~—-__§~\\_j\\‘
o S
gp o\c L kg Ly 3 N S h
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= a0l Power
2
5 +0
(H A%
0 Y N B A 2 P, = ) 4
9 .20} Exhaust
i
&
A -40f
-60F

i .-

‘0 0-5 1.0 1-5 2.0 2:5 390 305 400 4.5
T.C. Piston travel, in. B.C.

Figure 32.~ Friction work loops for the film record shown in
Figure 17\



