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I?RICYIYON OF AVLMION ENGINES
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SUMMARY

The first portion of this report discusses me~surements of friction made in the altitude
laboratory of the Bureau of Standards between 1920 and 1926 under research authorization of
the National Advisory Committee for Aeronautics. These are discussed with reference to the
influence of speed, barometric pressure, jacket-water temperature, and throttle opening upon
the friction of aviation en=ties. IL is concluded that: (1) Changes in friction due to changes in
the temperature of the air entering the engine are negligible. (2) Changes in friction wtich
result from changes in atmosphekc pressure are due primarily to changes in pumping loss. Au
approximate figure for the engines mentioned in this report is that the friction mean effective
pressure decreases about one-tenth of a pound per square inch for each decrease of 1 centimeter
of mercury in the barometric pressure. (3) The increase in friction resulting from s decrease in
throttle opening is due to the change in pumping loss. For the engines mentio~ed in this report,
the change in friction mean effecth-e pressure which accompanies a change in manifold suction
of 1 inch (2.54 centimeters) of mercury ranges from 0.20 pound per square inch obtained at an
engine speed of 1,200 re~olutions per minute to 0.39 at. 1,800 re~olutions per minute. (4) For
the range of speeds covered in this report: narnely, from 1,000 to 2,200 revolutions per minute,
the friction mean effective pressure increases with speed, but ordinarily the percentage increase
k less than the corresponding percentage increase in speed. At low engine speeds the friction
mean effective pressure changes much less with change in speed and in some instances remains
practically constant. (5) Friction depends upon the viscosity of the ofi uport the cylinder walk,
which in turn. depends upon the temperature of the jacket water. (6) While theoretical comid-
erations would lead one to expect an increase in friction with increase in compression ratio the
evidence at hand indicates that this effect is slight.

The second section of the report deaIs with measurements of the friction of a group of pis-
tcms differing from each other in a single respect, such as length, clearance, area of thrust face,
location of thrust face, etc. Results obtained with each type of pisfion are discussed and atten-
tion is directed particularly to the fact that the friction chargeable to piston rings depends upon
piston design as well as upon ring design. This is attributed to the effect of the rings upon the
thickness and distribution of the OHfib which in turn affects the friction of the piston to an
extent -which depends upon its design.

LWTRODUCTION

In connection with tests of atiation ergines in the. altitude laboratory of the Bureau of
Standards considerable attention has been paid to measurements of engine friction. Part I of
this report presents and discusses some of these measurements with a tiew Lo showing the
influence of changes in speed, barometric pressure, jacket-water temperature, and throttle open-
ing upon the friction of atiation engines.
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Part II” discusses experiments made to obkain information on the influence which certain
features of piston design have upon friction. For these experiments severaI groups of pistons
originally of the same dimensions within manufacturing tolerances were modified with respect
to length, clearance, area of thrustface; location of thrust face, etc. The friction of pistons thus
modified was compared with the friction of the unmodified pistons, under several conditions of
engine operation.

Both parts of the report-are admittedly incomplete, presenting restits with comments as to
their probable significance rather than with explanations based upon definite knowledge. Never-
theless it is believed that the information will prove useful as indicating the effect of a change in
altitude upon engine friction and suggesting how such friction may be affected by various
factors.

PART I

FRICTION HORSEPOWER, DEFINITION AND METHOD” OF MEASUREMENT

For the purpose of thispaper friction horsepower is defined as the difference between
indicated horsepower i and brake horsepower. As thus defined it includes the power expended iu
drawing in and exhausting the charge, known as the pumping loss, and in driving the auxiliaries
such as pump, magneto, etc., as well as the power expended in what can strictly be termed
engine friction. Measurements of friction were made in the usual manner, namely by driving
the engine by the dynamometer with ignition and fuel turned off but with oil and water t-enlpera-
tures maintained as nearly as possible at their normal operating values.

Numerous objections may be raised to this method of measuring friction horsepower. For
example the pumping loss, the power expended in drawing in and expelling the charge, under
such conditions is slightly lower than when the engine is operating under its own power as tho
pressure at the beginning of the exhaust stroke is approximately atmospheric when making
friction measurements whereas it may be 20 or 30 potiiids per square inch above atmospheric
when the engine is operating under its own power. Moreover the side thrust of the piston
obviously is greater under explosion pressures than under compression pressures. This, how-
ever, is of importance only to-the extent to which it affects the thickness of the oil film, as fluid
friction is practically independent of pressure 2 so long as the film thickness remains const,an t.
Of course, if for any portion of the stroke there is metal to metal contacL the friction for that ‘
portion will increase with increase in pressure. The influences mentioned thus far teud to make
the friction under load greater than when the engine is being driven by the dynarnometcr.
One would expect the temperature of the oil film upon the cylinder wall to be slightly higher than
the jacket-water temperature and that this difference would be greater when the &gine is oper-
ating under its own power, This effect in its influence upon friction is in the opposite direction
to, and tends to compensate for, those that have been mentioned. Presumably the magnitude
of these influences is small, as available evidence confirms the belief that friction as measured by
the method described is approximately equal to the friction of the engine when i~ is operating
under its own power, Ricardo, in Great Britain, reached the same conclusion after a pains-
taking study of the subject in which several mehhods of measuring friction were employed.
(See bibliography.) Records of engine tests in the altitude la’ooratory furnish many examples
where the change of indicated horsepower (brake horsepower + friction horsepower) agrees with
what would be expected from theoretical considerations to an extent very dificul~ to explain
were the friction measurements appreciably in error.

1Indicated horsepower is understood to be the net work done on the piston during the compression and expansion strokes. WiriIe it m=y
be obtalnted from an indicatnr card, sufBcieMly accurats indicator cords are not generally available in connection with high-speed lotwmal.eorn-
bustion engine operation, and it is normally figured back from measwements of the brake horsepower and the wmious losses (the pUQiD&! 10W,
power to drive auxiliaries, etc.).

~This is not stctctly true, es Hersey has shown that viscosit y changes slightly with pressure. See third report on” Viscosity of Lubricating Oils at
IIigh Prsssure, “ Mechanical Engineering, Vol. 15, >fay, 19x, p. 315.
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FRICTION ME-AN EFFECTIVE PRESSURE, DEFINITION

ID most of the curves in this report the quantity p~otted is friction mean effective pressure
(F. ME. P.). This may be defined as the pressure per unit area of piston head which, if applied
and maintained constant through each -working stroke, would produce an amount of power
equivalent to the friction horsepower. Friction does not manifest itself as a pressure rior does
it necessarily or probably remain constant, and from this sta~dpotit the term F. M. E. P. has
ittle excuse for existence. The reason for its use in preference to horsepower will be e~identt
from an examination of the following general equation:

Mean effective pressure=
horsepower X 792,000

R. P. Al. X piston displacement

where mean effective pressure is giren in pounds per square inch and piston dkplacernent in
cubic inches. It will be obser~ed that the mea~ effective pressure is proportional to the horse-
power of an engine of unit piston dis.placement operated at. unit speed and hence forms a con-
venient basis for comparing the friction of engines which difTer as to size and speed.

ATMOSPHERIC TEMPERATURE AND FRICTION’

There appears to be no reason to expect. that seasonal or climate changes in the temperature
of the air entering the engine will be of sutlic.ie?t magnitude to produce a measurable change
of friction horsepow-er. Mor~o~er, tests have shown no indication of such m effect. Results

● have been plotted, therefore, against barometric pressure rather than against air density, as
the effect upon friction of a change of air density wodd depend upon whether the change was
due to a change in pressure or temperature.

ATMOSPHERIC PRESSURE .KND FRUJTION

Figures 1 to 7 show relations between F. M. E. P. and barometric pressure as determined
from tests of several enages operating at -rarious speeds and jackefi-w-ater temperatures.
Figures 1 to 5 were derived from groups of cwves such as are show-n in Figure 8. Such groups
were obtained from tests under conditions corresponding t.o sea level and altitudes of 5,000,
10,000, 15,000, 20,000, and 25,000 feet. The engine -was operated at several speeds and at
several j acJie&water temperatures, and because of the consistency and large number of the
measurements it is believed thab the results merit considerable confidence. Figma 6 and ~

are based upon a much smaller number of measurements and for that reason are somewhat
less trustworthy.

It is well at this point to emphasize the statement made preciously to the effect. that the
information presented in these cqrws w-as obtained ak intervals covering a long period of time
and with engines differing in piston design and many othe~respects. It is entirely possible that
oils of different viscosities were used with the di.flerent engines. For this reason one shouId use
considerable caution in comptig the friction of one engine with the friction of another or the
friction at one compression ratio with the friction at another compression ratio. Fortunately
this limitation is noti likely to be of major importance in comparing en=ties from the standpoint
of changes in friction with change of bmometric pressure, which is one of the objects of this paper.
This results from the fact that the change of frictiion with change of barometric pressure is pri-
marily due to a change in pumping loss and should not be materiely affected by piston d~~ign
or OU tiscosity protided these are such as to insw-e an adequate oil seal between the piston
and cylinder wall.

WHY ATMOSPHERIC PRESSURE AFFECTS PUMPING LOSS

There is no intention of discussing fully the factors which dfect &he pumping 10SSand the
reasons why this loss should be proportional to the barometric pressure. In this report the inten-
tion is merely to point OULthat measurements of friction indicate that. such relation does existi and
to suggest why it would reasonably be expected.
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Burome h--itpress uc-e, cm of Hg.

Fro. Z.—Compression ratio, 5.4; bore, 5.51 imlrq stroke, 5.91 inches
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/u
Boro~e+ric pressure, cm oflfg.

FIG. 5.—Comprffision ratio, 5.3.
ET&I* c: 12 cylinders; bore, 4.5 inches; stroke, 6 inches

[u
BoroLLfric pressure, cm of Fig.

FK+. &-Engine D: 8 cylinders; bore, 4.i2 hXh&; stroke, 5.12 inches
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Tests in the sdtitude laboratory have shown that volumetric efficiency is not affected by
changes in barometric pressure. The term volumetric efficiency as here used ma-y be defined 8S
the ratio between the -rolume of charge received per cycle measured at. the temperature and pres-
sure etisting at the entrance to the carburetor and the pistort displacement. In other -words the
volume of charge entering the engine per cycle Then the barometric pressure is 38 centimeters of
mercury is the same as the -rolume when the pressure is 76 centimeters of mercury. The w-eight
of air entering the enagjne per cycle at the lower pressure isr of course, only one-half as greak.
Volumetric eficiency is determined by the conditions governing flow into the cyLinder on the
intake stroke and out from the cylinder on the exhaust stroke. That the rate of flow is not
affected by changes of barometric pressure is indicated by the fact that the volumetric efficiency
remains constant. If for any portion of the cycle the ~olume rate of flow is to be the same for
two different. barometric pressures, the relation between the presswe cMerences producing flow-
in the two cases must be such as to make the heads producing flow the same when measured at
the temperature and pressure of the fluid flowing. To accomplish this the actual pressure dif-
ferences must be directly proportiomd to the barometric pressure. Since these pressure dMer-
ences go-i-em the pumping losses, such losses therefore should -rary directly as the barometric
pressure.

In Report No. 190 of the Natiomd Advisory Committee for Aeronautics, which is entit~ed
“Correcting Horsepow-er Measurements to a Standard Temperature” ib is pointed out thah the
mdumetric efic.ienqy changes with change of atmospheric temperature. As has been stated,
e.speriments indicate that-changes in atmospheric temperature have a negligible tiuence upon
friction. These facts are not inconsistent with the discussion in the previous paragraph since
the change in volumetric efficiency with change in atmospheric temperature is due primariIy to
a change in the -rohme rate of flow with a given ~ressure difference which does not change
appreciably with change in atmospheric tempemture rather than to changes in such pressure
clifferences and consequently in the pumping losses.

ENGINE SPECIFICATIONS

Before discussing the actual changes in friction with change in bwometric pressure shown
in Fiawres 1 to 7 it will be well to furnkh sufhcient information concerning the engines to serve
as a basis for their identification. Table I furnishes such information. It WW be noted that,
tests were made with two compression ratios with enbgines A and B and with four compression
ratios with engine D. In each case the difference in compression ratio was obtained by chang-
ing pistons.

CHANGE IN FRICTION PER UNIT CH&NGE IN BAROMETRIC PRESSURE

Table II was derived from Figures 1 to 7 and shows changes in F. M. E. P. per unit change
of barometric pressure. 4..s a matter of interest, mean piston speed has been tabulated in addi-
tion to re_rolutions per miuute. While the table shows a rather wide range of values to have
been obtained, it at least gives an idea as to the probable accuracy with which the charge of
friction with altitude can be predicted and may serve as a basis for such predictions.

Figure 9 sho~~s data from the ~~es Ivtich have been tested most completely. h this

figure the points aye &ken from the plotted curves and not from orioginal data. Elsewhere in
the report the conventional practice of using points only to indicate origgal data is follo-wed.
As would be expected, there is a tendency for the va~ues to increase with speed. Since these
are -dues of actual rather than percentage change, the increase -with speed merely indicates
that pumping losses are greater for high speeds than for Iow. From Figure 9 it would appear
that the F. M. E. P. decreases about one-tenth of a pound per square inch for a decrease in
barometric pressure of 1 centimeter of mercury.

THROTTLE OPENING AND FRICTION

Vi%en an engine is operated with partly closed t.hrottle the friction is higher than at full
throttle because of the higher pumping 10SS. F~ure 10 shows a typical group of measurements
made in connection with the altitude ~aboratory tesh of engine A. In such tests the friction

--
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at various jacket water temperatures is measured only at full throttle. In order to obtain
the friction at part throttle, there is added to the appropriate full throttle value an amount.
determined by means of (1) such infornmtion as is shown in l?igure 10 and (2) knowledge as to
the difference between the manifo~d suction at full and part throttle.

For the engines tested thus far it has been found_ that friction varies almost linearly with
manifold suction and that the magnitude of this variation is approximately the same for various
altitudes. As is shown in Figure 10, with engine A and a compression ratio of 5.4, a change in
manifold suction of 1 inch (2.54 centimeters) of mercury changes the F. M. E. ??; at 1,600
R. P. M. by about 0.26 pound per square inch, whereas at 1,400 R. P. M. the change is 0.29 pound.
The same values were obtained in tests of this engine with the 6.5 compression ratio. Writh
engine B and a compression ratio of 5.5, values of 0.20 and 0.24 were obtained for SpWdS of 1,200

and 1,000 R. P. M., respectively, while for a compression ratio of 6.5 a value of 0.19 was obtained
at 1,200 R. P. M. and 0.18 at 1~000 R. P. M. For tigine C a value of 0.39 was obtained for a
speed of 1,800 R. P. 3f. and 0.38 for 1,600 R. P. M.

These values have been quoted as being of interest. -rather than as being of major importance
in a general analysis of engine friction. This arises from the fact that the pumping losses are
dependent upon the pressures and the distance through which they act whereas the manifold
suction depends upon the tirre during which these pressures act. Moreover the manifold
pressure is dependent. upon the volume of the intake system, the number of cylinders which draw
from it, etc., and its relation to the pressures in the cylinder depends upon valve areas, valve
timing,” piston speed, etc.

ENGINE SPEED AND FRICTION

Figure II sho~~s values of F. M. E. P,. over the normal operating range of speeds of engines

A, B, and C. It w-ill be noted that-in this range the F’. M. E. P. increases with speed and that
in most instances the percentage increase is less than the corresponding percentage increase
in speed. At very low speeds the F. M. E. P. changes to a much less extent with change of speed
and in some instances remains almost constant over a considerable range. If the F. M. E. P.
incre.ases with speed then the friction horsepower will. increase more than in proportion to the
speed. This is chiefly responsible for the decrease in mechanical efficiency th~ t -wdinarily results
from an increase in. speed.

JACKET-WATER TEMPERATURE AND FRICTION

The inffuence Qf jacket-water temperature upon friction is clearly evidenced in Figures
1 to 5. The reason for this influence is, Qf course, that the temperature of the jacket water gov-
erns the temperature of the oil flm upon the cylinder walk and consequently its ~iscosity. Thus
far in the work with aviation engines the temperature of the circulating oil has not appeared
to affectfriction materiaIIy, the influence of the temperature of the j ac~:et water being dominant.
There are indications, however, that the temperature of the circulating oil does have an apprecia-
ble effect upon the friction of certain motor car engines. It is possible that in these engines
the friction of main and connecting rod bearings or the power required to drive the oiI pump
may constitute a greater percentage of the total engine friction than is usually the case.

The oil used in the tests of engines A and B had. the following viscosities:

6, TCQ
2,415
1,105

m
327
191
1?s
S1

.—
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Engines must. operate, during the st artiug ~eriod at least., with jacket-water temperatures
below normaI. To prevent abnormally high-friction losses during such periods, it is desirable
that the change in the viscosity of m oiI with change in temperature be small. ‘Ilk is desir-
able also for the reason that an OS shouId be of high enough <~cosit-y to maintain a lubricating
film at maximum pressures and temperatures and yet of low enough viscosity to flow freely
under cold starting conditions.

These cum-es (figs. 1 to 5) emphasize the importance of reducing to a minimum the amount
of engine. operation at j acket-w-ater t-emperat ures oi%er than nortnal. If the normal operating
temperature is high, then operation at lower jacket temperatures VW result in unduly high
friction losses and consequently lower brake therrnal efficiencies. On the other hand, if the nor-
mal operating temperature is low, then operation at high jacket temperatures may be dangerous,
as the viscosity of the oil may not be adequate to prevent metal-to-metal contact.

One should not conclude from these mm-es, howe~er, that friction losses are necessarily
high for engines which normally operate at, 1O-Wjacket-water temperatures. Such engines ordi-
narily permit. the use of an oil of comparatively Iow ticosity and hence have friction losses no
greater than those of engines whose normal operating temperature is high. Friction is there-
fore ultimately more dependent upon the range of operatingtemperaturesthan upon the actual

temperatures.
COMPRESSION RATIO AND FRICTJ.ON

In tests of engine A it was found that with a jacket-water temperature of 80° C., practicality
the same friction was obtained with compression ratios of 5.4 and 6.5, whereas with a jacket-
water temperature of 30° C. the friction was materially higher for the lower compression ratio.
With engine B, conditions were somewhat reversed, the friction with a compression rtitio of
6.5 being higher at all jacket-water temperatures than with a compression ratio of 5.5. N-
though, for reasons dread-y given, the results obtained from enagineD are some~hat less depend-
able, it is of interest to note that. the highest -v-ahlesof friction were obtained with the 5.3 ratio
and the lowest with the 6.3, the values for ratios of 7.3 and 8.3 being between these two. In
tests with a.single-cylinder engine having a bore of 5 inches and a stroke of 7 inches no changes
in friction with change in compression ratio were noted over a range of ratios extending from
5.4 to 14.

Hence while there are theoretical grounds for expecting a slight increase in friction with
increase in compression ratio, from the evidence at hand i~ appears that the magnitude of this

..

eftect is ordinarily so small as to be masked b-y accidental differences in the pistons used to
obtain the different compression ratios.

CONCLUSIONS

(I) Changes in friction due to changes b the temperat~e of the air enter~g the enbe
are ne@gible.

~2) Changes in friction which resuIt from changes in atmospheric pressure are due pri- -
marily to changes in pumping loss. There is a tide difference between engines in the extent
to which the friction changes with a given change of barometric pressure. .-!-n approximate
figure for the en~es mentioned in this report is that the F. M. E. P. decreased about one-

tenth of a pound per square inch for each decrease of 1 centimeter of mercury in the barometric
pressure.

(3) The increase in friction resulting from a decrease in throttle opening is ako the effect of
a change in pumping loss. For the engines mentioned in this report changes in throttle open-
~g cause the mean effective pressure to vary in an almost linear relation to manifoId suction.

Talues are quoted which show that for these engines the change in F. M. E. P. which accom- .
paqies a change in manifold suction of 1 inch (2.54 centimeters) of mercury ranges from 020
pound per square inch, obtained at an engine speed of 1,200 R. P. 31., to 0.39 at 1,800 R. P. M.
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(4) ~early all of the data presented in this repo~b were obtained for engine speeds ranging
from 1,000 to 2,200 R. P. 11. Over this range the F. hf. E. P~inc.reases with speed, but-ordinarily
the percentage increase is less than the corresponding percentage increase in speed. .$t low
engine speeds the F. M. E. P. changes to a much less extent with change in speed, in some
instances remaining practically constant over a considerable range.

(5) Friction depends very greatly upon the viscosity of the oil upon the cylinder walls,
which in turn depends upon the temperature of the jacket water. It does not folIow that the
friction of an engine which normally operates at a low j acket-water temperature wilI necessarily
be high, but it is important to take this temperature into consideration when selecting the oil
and to reduce to a minimum the amount of operation that takes place at temperatures other
than normal.

(6) From theo~.etiical considerations one would expect- that friction would increase with
increase in compression ratio, but from the evidence at hand this effect appears to be slight.

TABLE I

SPECIFICATIONS OF EArGINES USED IN FRICTION TESTS

1--

.-

Engine B0:3$f Stroke (in ~u.zuhor of Compre~.
inches)

1

7
cylinders slon ratio

I A 5.51 5.91 8

[

6.5
5.4

B 6.62 7. % 6 6.5
5.5

4.= 6. M ‘u 5.3

~:

{

5.3

4.72 5, Iz s
6.3
7.3

E
8.3

6..50 7.09 & 9
ii. 90 7.09 :

~
5“W I 5? __B___._ !.. .

TABLE II

CEAXGl? IN F. M. E. P. FOR CH.4NGE IN BAROMETRIC PRESSURE OF 1 C!Et$TIAIETER Hg

R. P. fib --------------------------------- I, 20Q 1, 4C?3 1, two 1,803 2, @Jo 2, me
Mean piston speed ---- feet per minute-. 1,024 1,195 1,365 I, 536 1,707 I, 377

PA- - - ~ - ===..

0.69 Eng@e D, compression ratio, 5.3.
16 Engln6 D, compression ratio, 6,3.

:15 Engine D, compression mtio, 7.3.
.15 Engine D, compression ratio, S.3.

R. P. M . . . . . . . . . . . . . . . . . . . . . . . . . . ..". . . . . . . . . . . . . . . . . . . . . 1, O(KJ 1, m
1 –.-

1,4133 1,603
Mean piston speed . . . . . . . . . . . . . . . . . . . . . feet per minute .- 1,182 1,418 1,654

---

1,6’91

— . — .

I I ‘“0’1‘“13LI!14LEngineF. .:_
R.P. M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1, 4C0 I, m 1,300 I

Mcanpision speed . . . . . . . . . . . . . . . . . . ..- ieet per minute-. 1,225 1, 4oa 1,575 , ?j%~
I

-~ —L—-—I—L--4 f
I 0.10 I.x..I

0.11 O.lz 0.14 Engine G.

- . ..—— ,“. (. I

.I=; : : =F----+.
R, P. X.- . . . . ..- . . . . . . ..-. -.- . . . . . ..--.._ .--. --_---. ---..l l,coo ,
Mean piston speed . . . . . . . . . . . . . . . . . . ..- feet per minute..! 1,182

.. -—= .=
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CHANGE IN F. M. E. P. FOR CHAh-GE INT BAROMETRIC PRESSURE OF I CEL~TIMETER Hg-Continued

R. P. NI..-_--------. --.--... -..--. -----_----––-_-— 1,403 1, m : y3 ?,W.1
Mean piston sp+wi --------------------- feetper minute--, 1,%9 1,576 ,- 1,570

0.13 &13 0.13 0.14 [ Engine A, mmpressfon ratio, 6.5 jacket-water
temperature, W C?.

. .ll .12 .13 . Ii Engine A, mmpr--on ratio, 6.3 jacket-water
temperature, +0° C.

. m .12 .13 .14 Engine A, compression ratio, &Z jacket-water
km.perature, 50° C.

.lXi i .12 .13 .14 Engine A, eomprassiorr ratio, &% jacket-water

.m .L1
tcrnperatnre, &)” C.

.13 .14 Engine .4, com~&sirm. ratio, 6.5; jacket-water
tempera We, 70” CL

.01 .10 .18 .14 Engine A, compr&cion ratio, 6.% jmket-water
temperature, SO”C.

.m -w .10 .09 Engime .4, mmpresion ratio, 5.$ jacket-water
tem@&ure, W C.

.07 .09 .10 .10 I Engine A, compression ratio, 5.4; jacket-wrier
I iemperafwe, 40° C.

.07 .0S’ . Lo I temperature,WO C.
.11 Engine .$, compression ratio, 5.4; ~acket-water

.0s .Cr3 .ll .13 Engfne A, compresss-on ratio, 5.4; jacket-water
temperature, M“ C.

.m .10 .11 .13 Eagiue A, conrpr~.ion ratio, 5.4; jscket-water
temperature, 70° C.

-07 .10 .II

I

.14 Engine .4, mmpressson ratio, 5.4; jacket-water
temperature, 8)” C.

R. P. M_______________ 1, m 1,400 Qm
MatM piston sp+ed.. ..-... _..__ —feet per minute-. ;% 1, m 1,750 ZWQ

— — .

0.10 0.L2 0.13 0.13 Engine B, compression ratio, 5.5; jacket-water
temperate, 30” C.

.10 .12 .13 .13 Eugine B, compression ratio, 5.5; jacket-water
temperature, +0” C.

.11 .12 .13 .13 Engine B, mmpre+sion ratio, 5.% jacket-water
temperature, W C.

.11 :12 .13 .13 Engiue B, compression ratio, 5.2 jacket-water
temperature, 6+3°C.

.10 .~ .13 .13 Engfne B, mmpre.ssion ratio, 5.5; jacket-wafer
temperature, W C.

.10 .12 .13 ‘ ..13 En&ne B, compression ratio, 5.% jacket-water
temperature, W C.

.10 .L1 .13 .14 Engine B, impression ratio, 6.5; jacket-water
temperature 30” C.

.03 .11 .r2 .14 Engine B, impression ratio, 6.?&jacket-water
temperature. M“ C.

-.09 . H ~12 .14 Engine B, comrpres%m ratio,6.5; J3cket-wat&

temperature, HI “C.

.(M .10 .r2 .14 Ena-ne B, compression ratio, 6.5$ jrwket-water
temperature, 60” C.

.m .10 .U .14 Engine B, cnrnpres.sion ratio, 6.5; jacket-water
temperature, 70” Cl.

.10 .09 . H .14 Engine B, comprs~ion ratio, 6.~, jacket-water

I
temperature, SO”C.

R. P. X_______-——__–
I&an piston _----------_.-..–~eet per minute.. 2%

1, WI 2,m 2, m
L3Q3 Z(HI 2, m

— . — —

o. 1% 0.10 0.11 i 0.10 Engine C, jacktt-water temperature, 30° C.
.cEi .09 .10 .10 Engine C, jacket-water temperature, 40” C.
.CrJ .C9 .10 .04 Engine C, jacket-water temperature, W C.
.69 .ce .C9 .09 Engine C, jacket-water temperature, 63” C.

.i% .CS Eugfne Cl, jacket-water temperature, ;0” C.
:% .07 :$ .@ Engina C, jocket-water temperature, SO”C.





PART’ II

FRICTION OF PL51TOPW

GENERAL COMMENT

This section of the report is to present the results of the measurements of friction obtained
with the group of pistons show-n in Figures 12 to 19. These pistons as originally received were
aJ.Ithe same within close manufacturing tolerances. In modifying them as. regards length,
clearance, area of thrust face, location of thrust face, etc., the sole obj ecfi sought was the obtain-
ing of information as to the influence of the changes upon piston friction. Ro attempt was
made to obtain piston designs which -would be satisfactory from the standpoint of gas tightness,
strength, wear, or freedom from noise. In fact., the changes made were usually far greater than
would be permissible in ser-rice but, being large, the effects of the changes were much less likely
to be masked by other influences than would have been the case had the pistons been modified
ordy to the extent -which would be feasibIe in normaI operation.

It has not been possible to carry Lhis -work far enough to justify definite predictions as to
the ma.titude of the changes in friction which w-ould result from a ,Eiven change in piston design.
hTevertheIess although the-information obtained thus far
is qualitati~e and incomplete ib is beLieved to be of
sufficient vaIue to w-arrant its publication at this time.

Ileasurements of friction were ob ta.ined, as is cus-
Cornary, by dri-ring the engine by the dynamometer, with
ignition and fuel turned off and with temperatures of oil
a~d water maintained at predetermined values. Friction
as thus measured includes not. onIy piston friction but
also the friction of main, connecting rod, and piston pin
bearings, the power expended in dri-ring the auxiliaries
such as water pump, oil pump, magneto, etc., and the
pumping loss, which is the term applied to the power
utilized in drawing in and ~xpelling the charge.3 h only
pistons -were changed in these experiments, any changes
found in the tot aI engine friction could reasonably be
ascribed to differences between pistons.

The engine used in these experiments ~as designed
for use in a truck and is of the rugged construction
essentiaI to such ser~ice. Ii is -water-cooled and has

FIG. ]?.-stidsrd Pf:tOn; total area OfPiStOIl be=
hrg not fn rdieved portion, 41 square inches

a bore of 4?! imhes and a stroke
of 6 inc@s. The cylinders are cast in blocks of two and are bolted to the upper half of
the crankcase. This construction permits the cylinders to be removed for the installation of
pistons and rings and makes it unnecessary to disturb connecting rod big-end bearings. C!hanges
in the bearings during these tests w-we therefore limited to the slight increase in clearance -which
remdted from wear.

For many of the experiments it was considered highly desirable to eliminate the pumping
Ioss or rather to reduce it to a ~egIigibIe value. This was accomplished by removing the spark
plugs and holding the valves open by means of wedges. From the standpoint of reducing
pumping Iosses it -would have been simpIer to remove the cylinder head, but this ~ould have
complicated the problem of maintaining the circulation and hence of controlling the temperature
of the jacket water.

$ The slight herd 10SStothe cylinder walk during the compression st~oke is SISOincluded in the term c’pumping 10SS.”
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In this engine, as in all others which have been tested at the Bureau of Standards, the condi-
tion of operation which has the chief effect upon piston friction is the temperature of the jacket
water, the reason being that t~is go~erm the viscosity of the oil upon the cylinder walls. The
friction of this particular engine was appreciably influenced also by the temperature of the
circulating oil, which has not been the cme with most of the engines—of the aviation ~ype, at
least=-tested at the bureau. Probably the viscosity of the circulating oil has an influence
upon the power required to drive the pump and upon bearing friction, gear fricbion, cam fric-
tion, etc. It is not probable that the temperature of the oil thrown on the cylinder wall will
materially affect piston friction in view of the rapidity with which a temperature approximating

D
(, -1

Piston S: Standsrd;
clearance, O.CW inch;
bearing erea, 41 sqrwre
inchev weiglrt, 5
pounds 12 ounces.

Piston F: Forty-six
0.75.inch holes through
skirt; clearance 0.@J5
inch; bearing crea, 23
square inches,

‘1

b .
I

Piston B: Thrust
fwss milled out; clear.
ante, 0.0’35inch; besr-
ing area, 12.5 square
inches.

Piston G: Skirt
milled away, bearing
area, 3 square inches.

Fm. 13

I 2

Piston C: Clearanee,
part Iengtlr, increased
to 0.050 incM iwarfng
area, 4.5 square inches.’

Piston H: Skirt
shortened; dearame,
0.lX35 inch; beering
area, 25 squere inches.

~
L~,. ,.:’.,;;:::::::-.:

b

. .............,,,..

~

1- --l

Piston D: Increased
clearance, fulI length;
clezwmce,0.037 inch.

Piston E: had enst
in head; clearance,
0.005 inclq hewing
ores, 41 square inchcy
weight, 12 pounds S
Ounces,

that of the cylinder wall is attained. In so far as these tests were concerned the influence of
circulating oiI temperature upon engine friction was of importance only because it necessitated
careful control of this temperature. In most of this work, the temperature of the oil in the
sump was maintained at approximately 60° (1.

The standard piston and its important dimensions are shown in Figure 12. In this and
other figures the designation “ bearing area” is not applied to projected area but to the entire
rubbing surface. This ordinarily includes all of the ground portion of the piston but of course
does not include ring grooves, oiI grooves, or the relieved portion around the end of the piston
pin. Figure 13 shows the manner in which each piston was modified and the letter by which
each piston is designated in the report.

COND1TIONS OF TEST

In general tests were made with each type of piston under the four following conditions
of operation: (1) Pistons with full set of three rings and with vaIves held open so that cyIinder
pressures varied only a negligible amount from atmospheric; (2) pistons without rings and with
valves held open so that cylinder pressure varied only a negligible amount of atmospheric;
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(3) pistonswith fuIIsetof threeringsand with cylinderpressures

195

mry-ingnormq~y; and (4)
pistons withoufi rings and with cylinder presswes varying norms.Ily. In each gro~p” of tests,
measurements were made at engine speeds of 400, 600, 800, 1,000, and 1,200 R. P. 31. and at
jacket-water temperatures of 20, 45, 70, and 95° ~. (68, 113, 158, and 203° F.).

Runs were made both with atmospheric and normal pressures in the cylinder in order that
the pistons might be compared under different conditions of Ioading, the differences in frict;on
presumably being the same except as affected by loading. When the pistons were operated at
normaI pressures and without rings, the difference% in the amount of leakage past the pistons
affected the pumping Iosses to such an extent as to mask the differences in actuaI ffiction. The.
information obtained in this pa.rticuh- group of tests though of interest deals with a phase of
the probIem of piston desia~ somewhat outside the scope of this report and for this reason has
not been included. The results obtained under the other three conditions of operation, how-
ever, have been pIotted for each type of piston which received a complete test.

PISTON-RING E’RICTION

Before proceeding to a discussion of the results obtained with each group of pistons it w-ill
be melI to make a few comments on the subject of piston-ring friction. It has been stated that
friction measurements were obtained bobh for pistons with and tithouh rings. The difference
in these measurements is the friction due to the rings but not necessarily, or probabIy, the fric-
tion of the rings. This is born~ outi by the fact tha~ whiIe the same rings were used with each
group of pistons, the increase in friction which resulted from the addition of the rings w-as far
from being the same. A probable explanation of this is that the rings affect the thickness and

.-

distribution of the oil film between the pistons and cylinder -walls, which in turn affects the
friction of the piston to an extent which depends upo~ its design.

COMPARISON Ol? PISTON B AND STANDARD l?lSTON

Piston B, as is shown by Fiagnre 13 and Figure 14, -was obtained by removing a large portion
of the thrust faces of the standard pislon, thus decreasing the area of the rubbing surface from
about 41 square inches to about 12 square inches.

The resuIts are shown in Figure 20 and the lower part of Figure 25. men no ringsareused

and the viscosity of the oil upon the cylinder walls is low, because of the high jacket-water
temperature, the difference in the friction of the two pistons is negligible. At the higher viscos-
ities, howe~er, the friction of piston B is much less than that of the standard piston. In this
connection it is of interest to note that the friction of piston B -when the jacket+water tempera-
ture is 20° (2. is approximately the same as that of the standard piston when the jacket-water
temperature is 45° C. In other words, the effec~ of the change in piston construction in this
particular instance -was eqtivalenb to a definite change in oil viscosity. It should be mentioned
that in all of these experiments measurements of the friction at 600 R. P. hf. are questionable,
as there frequently was excessive engine vibration at that speed.

When the pistons were equipped with their full complement of three rings, however, the
friction of piston B was higher than that of the standard piston under alI of the conditions of
test. From these rew-dts it wouId appear thafi with pistons of this type, reducing the thrust
face area ~hile permitting a narrow band of bearing surface to extend completelyaround the

base of the pistontends to increase rather than decrease friction.

COMPARISON OF PISTON C AND STANDARD PISTON

In this piston, as is shown by Figures 13 and 15, the outside diameter of a considerable
portion of the skirt was reduced, increasing the clearartce to about 0-050 inch and decreasing the
area of rubbing surface to about 4 square inches. Only a few measurements were made with this
particular type of piston because of failure due to the reduction in the cross section of the skirt
necessitated by the increase in clearance. The few measurements which had been obtained at
the time of the failure of the pistons did not show anything of particular interest.
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COMPARISON OF PISTON D AND STANDARD PISTON

This piston is shown in Figures 13 and 16. .% cut was taken o~-er the entire surface of this
piston, increasing the clearance to 0.037 inch o\T.erthe entire Iength.

Results are shown in Figures 21 and 25. 1.77henno rings are employed piston D gives much
less friction than the standard piston. When the pistons are equipped with a fuIl se~ of rings
and compared at approximately atmospheric cylinder pressures the differences in friction are
much Iess, and the differences are smaller yet when the comparisons are made at normal cyIinder
pressures.

The only concision that appears to be justified by this comparison is that differences in
clearance may have a marked effect on friction but that with the customary ring arrangement
one would not expect the effect to be large.

COMPARISON OF PE3TON E AND STANDARD PISTON

The changes made in the various pistons alterecl their weight and therefore the inertia forms
at any given speed. It appeared probabIe, however, that under the conditions of tesfi the change
in the inertia forces would have a negligible effect upon friction. & a rough means of checking
the reasonableness of this assumption, friction measurements were made, using pistons 13. This
type of piston, differed from the standard only in the matter of weigh t,, but in this respect it
differed much more than any of the other types of piston. Vibration with these pistons was so
excessive that it was not deemed advisable to make more thin a brief series of tests. These
tests, however, f aiIed to show significant differences between the fric tion of the heavy and stand-
ard pistons. It d.oe~ nor appear probable, therefore, jhat the differences in weight of the other
pistons tested had an appreciable effect upon their friction.

COMPARISON OF PISTON F AND STANDARD PISTON

This piston is shown in Figures 13 and 17. It differs from the standard piston onIy in that
the rubbing surface has been reduced by the drilIing of 46 hoIes of ~-inch diameter.

Results are shown in Figures 22 and 25. Without rings, piston F gives somewhat less fric-
tion than ~he standard piston. When equipped with rings and operating a~ approximately
atmospheric cylinder pressures the differences in the friction of the two pistons were rather smsH.

With normal cylinder pressures, however, the friction of piston F was somewhat higher than that
of the standard piston.

On the basis of the datii here prese.nte.d, it is not possible to predict whether tho reduction
of bearing surface by the addition of holes will increase or decrease the friction, but it does not,
appear probabIe that the magnitude of the change in frictio~ will be great.

COMP.4RISON OF PISTON G AND STANDARD PISTON

This piston is shown in Figures 13 and 18. It wiIl be observed that the thrust-faces have
been cut away to an even greater extent than in piston B and that- there is no band of rubbing
surface extending entirely around the base of the piston as in piston B.

Results are plotted in Figures 23 and 25. It will be noted that practically all of the com-
parisons show the friction to be lower for piston G than for the standard piston. In this
connection it is of interest to recall that the friction of piston B was lower than that-of the
standard piston onIy when no rings were used.

.4s far as piston G is concerned, the concksion appears warranted that a reduction in rubbing
surface in conjunction wiih the removal of the band of bearing surface completely surrounding
the base is Iikely to rec~uce considerably the friction both when the rings are in place and when
they are removed. In this connection one should not forget the statement made earlier in the
paper to the effect that the changes made in the pistons used in these experiments were usually
much greater than would be permissible in service. Pisto~ (2, for example, would very likely
be unsatisfactory from the standpoint of wear and gas tightness.
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FIG. 14,—Piston B

FIG. 16.—Piston D

FIG. 15.—Piston L’

FIG. Ii.—Piston F
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FIO. 19. —Pist0D EFIG. 18.—Piston G
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COMPARISON OF PISTON H AND STANDARD PISTON

This piston is shown in Figures 13 and 19. It is considerably shorter than the standard
piston but does rLot differ otherwise. Results are shown in Figures 24 and 25. In general the
friction is less than with the shandard piston, but when rings are used and the cyLinder pres-
sures are ~orrua~ the difference is rather small. The results obtained with this type of piston
lead to the conclusion that. a reduction in the over-aII length of pistons is likely to reduce friction
but that the magnitude of the change may be rather small even though the change in the area
of rubbing surface is rather large.

COMPARISON OF ALL PLSTONS

Figures ~6, 27, and 28 show companions of all the pistons for three conditions of operation

and for the I@hest and Iowest temperature of jacket water. It is not proposed to dkcuss in detail
these comparisons but merely to point out that the employment of piston rings changes the order
of the pistons as regards friction and to draw attention to the much greater friction arid dif-
ferences in friction at a jacket-water temperature of 20° ~. than of 95° C. Ti%ile the latter
fact is not at aIl surprising, it emphasizes the folly of taking great pains to secure a piston design
which wilI give low friction and then neglecting to use an oil of suitable viscosity or to maintain’
the temperature of the jacket water close to the desired value.

GENERAL COMMENTS ON PISTON FRICTION

.4s was stated at the outset, th.k work has not been carried far enough to permit definite
predictions as to the effeci a given change in piston design will ha~e upon friction. It seems
des~abIe, ho~ever, to discuss briefIy some Of the factors which ~ould appear to intluence this
friction and which should therefore receive attention in any further work on the subject. The
magnitude of the friction undoubtedly depends upon whether there is or is not a complete film
of lubricant between the cylinder walls and the piston and rings. Where there is no b one
-wouId expect. the friction to be proportional to the load but independent of the area of rubbing
surface. If, how-ever, there is a compIete flm, then the friction wilI be due to the shearing of the
oiI and will be affected by the Io&d on the piston only to the extent that load governs the thick-
ness of the film. .&reduction in thrust face area increases the unit pressure. Am increase in unit.
pressure increases the rate at ~kich the lubricant flows out from between the rubbing surfzces
and hence decreases the average thickness of the lubricating ti. This decrease in film thick-
ness causes an increase in friction -which counteracts to some extent the decrease in friction due
to the reduction in the area of the rubbing surfaces.

Friction under conditions of complete fiLm Iubricat.ion and the conditions essential to the
maintenance of such fdrn have been discussed on numerous occasions since attention w-as directed
to the problem by the work of Tower as reported to the Institute of Civil Engineers (British)
in 1884. It is proposed here mereIy to call attention to some of the respects in which piston
friction differs from the simpIe probIem of sliding frict ion between two flat surfaces. The piston
at any instant bears only upon one side of the cyIinder whereas the piston rings are intended at
Ieast to bear over their entire circumference. Loads, proportion of total surface which is bear-
ing, ti thickness, etc., are not the same for pistons and piston rings. This would offer no par-
ticular difficulty if the friction and lubrication of the piston were unaffected by the presence of
the rings, and vice versa, and if conditions remained constan~ throughout the stroke. That
such is not the case w-ill be evident from a singIe iUustration. Figure 2.9 shows a piston in four
positions .1, B, C!, and D. .kt the beginning of the stroke, position& there is clearance between
the side of the piston opposite to the thrust face and the oti film on the cylinder w-alI. By the
time th~t the piston has reached position B, how-ever, a considerable amount of the space between
the piston and cylinder walI is f311edwith a film of oiI which must be sheared if the piston is to
move farther. When the piston reaches position (2 practically the entire space between the
piston and cyIinder is tll.led -with oil. It is evident that the force required to mo-re the piston at
a given rate from ~ to B will be different from that required to move ii from B to C and stilI dif-
ferent from that required to move ifi from C to D- In an actual engine the force required to move
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the piston is affected by the fact that the piston speed varies throughoufi the stroke. Piston
design and ring design govern the distribution of the Iubricartt as well as the extent to which iti
can collect between the piston and eyh-uder walls. These remarks -mill serve to indicate the
complexity of the reIation between piston design and piston friction and the danger of drawing
conelu~ions from two brief a series of tests.

Figures 30 and 31 present relations of considerable interest, although the numerical values
shown are not generaIly applicable. The friction -ralues are the same as gi~en in Figures 20 to
24 for the condition of minimum pressure variation in the cylinder-that is to say, with valves
held ope~ and spark plugs removed. The friction is plotted against viscosity on the assumption
that the oil film on the cylinder wa~ is at the same temperature as the jacket water. In all
probability the actual difference between these two temperatures is small.

& has been stated ah-eady, the temperature of the oil entering the engine was maintained
constant so that the temperature of the jacket water affectied ordy the viscosity of the oi.I upon
the cylinder walk and hence only the friction of pistons and rings. & the viscosity of the oil
tlIm between two rubbing surfaces is decreased the friction is decreased and in the unobtainable
ideaI condition of complete film lubrication with an oil of zero viscosity the friction would be

A

B

c

D

FIK Z%—DlustmtLng the cuflectiom of oil on the unkwled side of pfeton

zero. The fact that, in actuaI operation, the fihn breaks down and the friction increases long
before $he viscosity becomes zero musti be reco=gniz.ed. However, complete ~m lubrication is
believed to obtain over a tide range of viscosities and, from measurements of friction within
this range, it is possible to plot a curve showing the relation between viscosity and friction.
It seems a justifiable assumption to project this curve back to zero viscosity. This has been
done in Figures 30 and 31, although measurements were not made for a sufiicierk number of
viscosities to make the exact location of the curves de.fite. It is believed, however, that the
intersection of the curves with the line of zero viscosity is an appro.zirnate measure at Ieasfi of the
friction of the engine minus the friction of pistons and rings. It is not the actual friction value
which is of particular interesb in connection with these curves but the fac~ that at a given speed
nearly the same friction was obtained at zero viscosihy with all the pistons tested both with and
without rings. This suggests at Ieast that conditions of complete film Iubricatiog prevaiIed
during practicably alI the tests.

Figure 32 has aIso been presented more as an illustration than because of any par~icular
significance in the actual values of friction * plotted. The Lower curve represents zero piston
friction as taken from Figures 30 and 31. The curve immediately above it shows the lowest
values of friction with pistons and rings obt tied in this group of tests, whereas the third curve
shows the highest va.h.ws. These curves do noi represent limiting values but merely suggest
the extent to which piston and ring friction may -rary. They emphasize also the importance of
such further research as will make ifi possible to predict definitely the effect of a given change in
piston design upon piston friction.

97X3i-~14
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Fm. 30.-Pistons with andwithout rings; cylinder pressurm nearly constant; V'nopumping loss' ');4Wand Wr@~olutions pcr minute
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CONCLUSIONS

This report has shown o~er a tide range of conditions” the ditTerences in friction produced
by vhrious changes in piston design. From this work the following conclusions may be drawn:
(1) With pistons of the f,ype tested, reducing the thrust face area while permitting g narrow
band of bearing surface to extend completely around the base of the pistari tends to increase
rather than to decrease frictiorI. (2) ~ reduction in rubbing surface in conjunction with the
removaI of the band of bearing surface completely surrounding the base is likeIy to reduce friction
very materia.Ily. (3) Difl?erences in the clearance between the piston and cylinder walls may
have a marked effect on friction, but with the usual ring arrangement one -would not expect the
effect to be large. (4) It is rLot probabIe that the presence of a Iarge number of holes in the
skirb of a piston wilI reduce its friction to an-y great extent. (5) Reducing the omr-aII len@h
of a pistun is IikeIy to reduce friction, but the magnitude of fhe change may be smti even
though the change in the area of rubbing surface is rather Iarge. While these experiments
covered a. wide range of conditions it is entirely possible that some of these concbions might “
not hoId for radicelly different desi=ns or conditions of operation.

One fact strikingly shown in these tests is that the friction chargeable to piston rings depends
upon piston design as weIl as upon ring desiam. This is probabIy due to the effect of the rings
upon the thickness and distribution of the oil fiIm, which in turn affects the friction of the piston
to an extent which depends upon its desig~.
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