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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

A METHOD FOR STUDYING PISTON FRICTION

By Je BEe Forbes and E. S. Taylor
INTRODUCTION

The purposc of this investignbion wns to develop a mcthod
for determining dircctly the friction force between tho piston
and cylinder of an internal combustior. oangince

The method consists in eclastically mounting the gylindér

barrel so thot.it can have a small motion parallcl to its axis),”

ond providing suitable moans for rocording its instantancous
displacementes

DESCRIPTICN CF APPARATUS

Cylinder and Cylinder Hend

The cylinder barrel in the form cf a light slcove (sec
fige 1(1)) is clamped on the inner circumforcnces of two
annular steel disphragms (2)e The outer circunmforential edges
of the diaphragns are clamped to a eylindrical water juocket (3)
by means of o steel plate (4) at one ond and the cylinder head
(5) at thc othor ende

The cylinder head closes the combustion chamber with a
piston~shapcd sectione This soction is machined so as to forn

a labyrinth seal (6) to the corbustion gases, and yot not restrain

tho coylinder=sleeve metione The labyrinth section of the hcad
is lend=nlatced so as to insurc a close fit with a nmininum of
frictione :

Two spark-plug wclls (7) and o well contoining an optical
lover (8) arec scanled off from the jacket cooling water by means

of flexible ncoprene seals (9)e Those seals uxert no appreciable

constraint on the cylinder motion.



Vent holes (10) drilled in the side of the oylindor head
into the spnce above ths diaphragm take carc of gas loakage
through the labyrinth, and assurc atmospheric pressurc on tl
vpper diaphregie

e

Reduction of gas leakage through the labyrinth is provided
by a duect (11) leacding through the top of the cylinder head %o
the center of the labyrinth. ILubricating oil similar to that
used in the engine is pumped by means of an externally driven
0il pump through this duct at a pressure of about 50 pounds per
square inchs The oil passes through the labyrinth into the
space (12) avove the upper diaphragn and then out throngh the
vens holes bo the oil-pump reservoire Under favorable running

condibions only a small percentege of this sealing oil flows into

the combustion chambore

Cylinder-Displacemont Measuring System

The disvlacement of the cylinder sleeve is recorded photo-
graphically on motion-picture film by means of an optical lever
and strip camera (reference 1). (See figse 2, 3, 4, and 5.)

A £ilm spsed of 25 inches par second was used throughout the
tests. The magnification of the cylindor-sleeve displacenent,
by means of the optical system, was 70¢6. (See fige 6.) Cali-
bration curves of the static performance of the recording
system at two differont weter~jecket temporatures arce shown in
figure Te These and similar curves were obtained by statically
loading the essembdbled cylinder when the regular oylinder heed

rad been replaced by a "dumny hoads"™ This dummy head was a steel

ring which clamped the outer edge of the upper diaphragm firmly

in its places A steel plug fitting into the exposed end of the
oylinder served as & loading platforms During these tests the

piston was removed from the cylindere. Actual slecve displacement
due to stetic load was measured by & sensitive dial gages Strips
of film ware run through the camera with and without each static
loade Those records geve the net filmebtrace displecements
corresponding to the dial-gage readings or loadse

The curves of figure 7 show that thc stiffness of the
diaphrogms varies with water=-jacket tomperaturce A curve of
dianhragm stiffness covering ths temperature-operating range
of the tests prosented in this report is shown in figure Be



Pistons

The aluminum-elloy piston with its five cas teiron piston
rings shoim in figure 9 was used throughout the tests pertaining
to. the offects of speéd, load, snd viscosity. Tho casbt-iron
Dlston, also illustrated in flgure 9, was used on]y in the

"running-~in" teste

Engine

The complete cylinder assembly wes mounted on a standard
CFR crankcases A shorter comnecting rod (length = 8400 ine)
than shandard with the CFR was used, giving e crank-throw to
connecting~rod=length ratio of 0.281s The bore and stroke were

standard 3¢25 by 45 inchess The compression ratio was 5405
Lubricetion System

The standard CFR oil pump was romoved, and a motor=-driven
‘01l pump substituted to circulate the engine-lubricating 0ile
0il temperasture was controlled by means of a heat cxchanger
through which elther steam or water or both could be circulatad.
0il tomporseturce was measured in the oil pump by mcans of a vapor=
presoure thermomstere.

Cooling System

Cooling was accomplished by a closad sy%tuﬁ consisbing of

& T=gallon tank, a scparifcly motor-driven centrifugal pump, a

heat exchanger, and +the cylinder water jackets Thc hoat cxchanger
wes similar to that used on the lubricating systeme Distilled
water containing a rust inhibitor ims uscd in this closod systcem
so as to reduce resting of the exnosed areas of the diaphragms

and tho cylinder sleevee A mercury-in-glass thermometer in-
serted in the upper ond of the wabter jucket was uscd to measurc
the jackete-woter temperaturee Cold tap water wes circulated
through the coylinder hcade The temperature of thi° wator was
measured by a morcu;y-ln-*laus thermomcter located at the cooling-

water outlct of ‘the heads




Fuecl=-air mixture was supolied to the engine from a2 vaporizing
tank (refercnce 2)e The inlet air passed through a fucl-mixing
orifice inserted in the vaporizing tanke The air flow to the tank
wis controlled by a throttling wvalve, Fucl was mezsured by means
of a calibrated rotamctor. Mixburc temperature was measured by
2 mercury-in-glass thermomecter plac:d in the inlet pipes Vaporiz-
ing tank prossure. was measurcd by a mereury manomctore

Engine Instrumcnts

Engine spced was controllcd by a combination of a conventinmal

tachometer ond a stroboscopic light running dircetly from the 60-
cyclo supply that illumincted painted strivs on the flywhoel
(reforcnce 2)s An clectriec dynamometer was useds Pressure
against crank-anglc diagrams vas obbeincd from the standard il.I.T,.
balanced-pressurc incdicetor using an lJsI.T. diavhragm pressurc
unit (refercnces 3 and 4).

RESULLS AND DISCUSSION

Reduction of Dato

A typical photogravhic record of thc slecve displaccmont
is shown in figure 10, which is a firing rccord takcn at 2035
rpms The hcavy vertical lines arc the top~centor locating lincs
produced by a flashing ncon lighte (Scz fige 2.) This neon
light flashes simultancously with the ignition sparke The
position of the neon light in the camera is such as to mark the
£ilm 0.26 inch from thc rocord trace and thus locatc the ignition
crank onglc on the time axise O degrces of crank angle along
the film axis, with a film specd of 25 inches por sccond and an
enginc specd N rpm, correspond to a length L on this axis
equal to 4417 8/N inche Hence top center on the film traco is
located a distence (0e26 = L) inch along the time axis to the
left of the center of the poon lamp flashe

The dim diffuse linc appearing parallel to the time axis in
most of the rccords is a reflected trace of the light source from
the front surface of thc lense The rccords in gencral show




cssentially three typos of exeitabion of the slecve, thet is,
over=all displacements corresponding to the piston strokes, a
rather prominent cxecitation occurrlng during the firing stroke,
and finally some high-frequency excitation of comparatively low
amplitudes. Photographic records of the naturel frequcncy of
vibration of the cylinder sleove with engine completely assemblod,
also with piston rcmoved, and the dunmy head in placc of the
rogular cylinder head are shovm in figure 1lle These records
together with calculations made of the natural frequency of
vibration of the slecve from its known stiffness end weight show
that the proninent excitation of the sleeve in all the records
corrcsponds to its natural frequencye The origin of the high-
frequenoy cxcitation is not conclusively knowne

Owing to the fact that the diephragm system vwms sensitive
to tempcrature changos, therc appcared to be no satisfactory
method of rccording on the films o "zoro line," that is, a line
indicating the cquilibrium position of the oylinder slseve when
no force was acting on ite BEsbablishmont of the probable zero
line was accomplishod in the following menners An cnlarged
trace of the vhotographic record wes made in an *nlurglng camcrae
A streight linc parallel to the £ilm motion is then so drawn as
to interscet tiie conlarged rcecord at four equally spaced points
during the time interwal of cach cyclee This line is then taken
os the zero line from which all displaccmcnts on the enlarged
record crc measureds From the magnificution of the enlargement
and the stiffness calibration curve (fige 8), the displaccments
arc readily converted into equivalcnt pistonefrictior forces on
the assumption that the incrtia and damping forces are negligiblo
comparzd to the diaphragn forca.

Whilc the location of the true zero line may be somowhat in
doubt, and thus produce crrors in the truc instantancous piston=~
frlct;on forces, it is significant thet the piston-friction work,
as obbained from the work loops, is not subject to auy crror
made in looating this lince The work loops are the basis for
computing pistonefriction mocane-cffective prossurcs, and tho
piston-friction horscpowcrs herein rcported, and hence these
values are not subject Yo zeoro=line location crrorss

The effcets of speod upon piston friction were first
moasurcde Both motoring and firing runs werce made gqver a spoed
range of 1000 to 2500 rpm at full-throttle settings The nixturo
ratio was set in all cascs at best powsre Spark advence wes kopt
constant at 22%, Cylinder-slocevo cooling-webor tompcrature and
0il tomporaturc wors each kept constant at 180° F, Inlctemixburec



temperature was maintuined constant at 1402 F, and cylindor-head
cooling-wator temperature at 50° F. A low eylinder~hcad cooling-
water temperature was maintained so as to minimize the possibility
of melsing the lead plating on the labyrinth scetion of tha
cylinder heads The lubricating oil used in these runs was SAE

40, hoving 2 viscosity of 2309 centipoise at 180° F.

A series of those speed records is showm in figure 12e

ge]

ston=Pfriction mork cyveles obtained from some of these
arc shotm in figurc 13« The total arca cnclosed by the
S

i
records
oops represents the piston=friction work per cyclee.

‘two loop
The solid-linc loops are for the expansion=cxhaust strokes
while the dashed lines arc for the inlet-compression strokose
This schome of differentiating the two phases applies to all
piston=friction work loops prescnted in this reporte

Piston-{riction mean=ecffootife pressurcs computed from these
work dicgrams arc plobtted against specd in figure 14,

e

Firing piston=-friction mean-cffcctive pressures ovur the
tosted spced range vary from 18 to 46 percent higher than those
for motoring. This difference in the relative ragnitude, shown
by the piston-friction mean=-cffoctive=pressurc curves in figuro
14, probably occounts to & large extent for the similer divergenco
depicted in tho two indicated mean-effgctivo=prossurc curvess
The lower indicated mezane-cffcctive-prossure curve was obbained
by adding tho brakcemotoring end breke-firing curves, whercas the
othor indicator curve was obtaincd by usc of the MeI.Te p’gh=-
sposd ongine indicator (referenccs 3 and 4)e Firing piston-
friction mcan-cffoctive pressurc incroeses lincarly with spced
ard is about 45 percent grester at 2500 rpm thon at 1000 rome

4 considerable number of check rurs weore made on these
speed recordse Comparison of the chock rccords with those of
the origincl runs showed very good reprodueibility both in
magnitude and structures

Effoct of Load

he effect of load on piston friction at two differcnt
speeds is shovm in figure 15, and the corresponding work loops
arc shown in figure 16. The variation of piston-friction mean-
offective prossurc with indicated mean-effective pressure for




the two different spoeds is shown in figurc 17. The ongine was
run at the same tomporsturcs and with the samc quality oil

(SAE 40) as in the spced runse Indicated mean=cffcctive prossurcs
were derived from indicator diagrems obtainced with the MMeIeTe
high-spced engine indicator (refercncos 3 and A Vs

At 1500 rpm a change of 1 pound per squarc inch indicated
mean-cffzetive proessurc produces a change of 04033 pound per
squarc inch in piston=friction mean-cffective prossurc, whilo
ot 2500 rpm a l-pound change in indiented mcan=-cffective pressurc
increases the piston-friction mecan~effoctive pressurc 00028 pounde

The change of piston-friction mean=-effcctive pressurc with
speod at any particular load is of the same ordor of magnitude
as found in thc specd testss

Effcct of Viscosity

Dependonce of pistonefriction force on oil and cooling=
wator toupcraturc is shown in figure 18, These rccords both
of motoring and firing rans were takeon ot a constant spced of
1800 rpm, with SAE 20 oilse The oil end cylinder-water-joacket
terperatures were kept equal to each other and voricd over o
range of about 100° F. nlet tomperature was held constent at
1400 F whilc the head-cooling woter wes kept at 48° Fe Spork
advance vms 220 and mixbture retio set for best powere Corrcspond=-
ing piston-friction work diagrams ere shown in figurc 19

The varistion of viscositics with temperature of the two
0ils used in these tosts is shovm in figure 20

Plots of piston=friction mecan-effoctive pressurc against
0il viscosity at jacket tomperature both for motoring and
firing are shown in figure 21.

Exanination of the firing photographs (fig. 1E(b)) shows
a rather interesting performence at 133° F where alternate
periods of two cycles scem to reproducc thenselvess Examination
of the piston rings after tho runs with SAE 20 oil showed con=-
siderable scuffinge No appreciable scuffing of thc rings
appocarcd after the runs using SAE 40 oile The presence of scuffing
might account for the erratic bchavior of thec reccords and the
irregulerity of the lower ourve in figurs 21. The fact that the
nmotoring runs wore bakon after the firing runs and show an




orderly trend might indicate that the ocufflnr cordition hod

boen rcduced by the time these runs werc ma rléura 9A shovs
the condition of the rings after the motorlng runs with SAE 20
0ile

A comparison of tho pluton-frlotlou WC&n-CI;CCClV pressurcs
ot cqual viscositics based on water-jacket tempora vbures and at
the sarmo speeds and loads for the two oils used in thesc tcsts
is shown in toble, both for firing and wmotoringe

Centipoise Piston
0il SAE rpm 5 O at jocket fmep

temperature lb/sq ine
g | | i « |
| L0 - | 1Bogf 380 | 2345 Ked:
immwlgL"~- f 4 Priedr i ettt i)
LA R0 1800 142 | 2345 &+3 |
BRI A 4 | R i i e -
| | 40 | 1800! 180 j 2345 8.0 |
|Firing ! s e i | |
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i i } | ! i |
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Piston~Friction Horsepows

Piston-friction horscpower is plotted ngainst motoring
horsepowoer and firing-friction horscpower in figure 22« Tho
firing-friction=-horsepower curves vorce obtained by subtracting
the firing broke horscpowers from the indicuted power taken
from indicator cardss The curvos indicate that for these
exporients the motoring piston=friction horsepower amounts to
roughly 16 percont of the motoring horsepower, and that the
firing pi ston friction horsepowcr is about 26 porcent of the
motoring horscpowere

.

It should be noted that mo t ring and firing=-friction horsc-

0
powor coch includes ben i“g friction end pumping frictlon ir
addition to piston friction

It should be mentioned that the scaling oil which leaks
into the corbustion charber from the cylinder-head labyrinth
may rcduce the piston friction below that which would bc
obtainzd with norral lubricatione




Ruwmning=In Test

For comparative purvposes a now cast-iron piston was sub-
stitutcd for the aluminume-alloy pistone This piston (scc fige
9B) hed throc piston rings and e skirt much longer than that of
ths aluminum once The two pistons gave the same compression
rotio. :

Rocords of motoring friction taken with this piston at 900
rpm arc shown as a function of running-in timo in figurc 23,
At intcrvals betweon these rccords the notoring speod was
occasionally run up to 1000 rpn, and during an carly onc of
those speed increascs an unstoady brakc load indicatcd signs of
piston scizing. BExanination of the piston after these runs wore
conpleted showed scoring of the piston (figs 9B) ond pick-up on
the cylindecre In spitc of thec scoring, o rathcr significant
deercase in piston friction with rurning=in tine is indicated by
the decrcasing amplitudcs of the rccords in figurc 23

CONCLUSIONS

The results must bec regarded as of a prelininery naturc
unbil nore expcricnce with this apparatus has becen obtaincde
It appears safe to conclude, however, that the method has
intoresting possibilitics for rcsecarch in the ficld of piston
frictions Further work is suggested to include an attenpt to
comperc piston friction alone, measurcd by uotoring, with piston
friction obtained by this nethod, and to explorc systcmatically
the offcebs of differcnecs in piston and ring designe

Sloan Laboratories for Aircroft a
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Figure 2.- Details of optical system for recording cylinder
sleeve displacements.
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Figure 3

Figure 5.- Details of friction engine camera.




Figure 4.- Assembled camera motor,
camera, and light source.
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Figure 9.- Pistons used in friction
engine.
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Figure 6.- Calibration of cylinder sleeve displacement recording
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Figure 10.- Typical piston friction record for engine firing.
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Figure 1l.- Natural frequency of cylinder sleeve.
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Figure 12.~ Cylinder sleeve displacement as a function of speed.
0il and cylinder sleeve cooling water temperatures held
constant at 180°F. SAE 40 oil.
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Figure 15.- Cylinder sleeve displacement as a function of
load. 0il and cylinder sleeve cooling water tem-
peratures held constant at 180°F. SAE 40 oil.
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and cylinder cooling water temperatures 18008, SAE 40 oil.
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Figure 1Ba.- Cylinder sleeve displacement as a function of common
0il and cylinder sleeve cooling water temperatures.
SAE 20 oil. Speed 1800 rpm.
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Figure 18b.- Cylinder sleeve displacement as a function of common

0il and cylinder sleeve cooling water temperatures.
SAE 20 oil. Speed 1800 rpm.
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Figure 23.- Cylinder sleeve displacement as a function of time

during the motoring "running in" of the cast iron
piston. Speed 900 rpm. Temperatures of oil and cooling water
160°F. SAE 20 oil.




