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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNICAL NOTE NO. 577 

FRICTION OF CO~PRESSION-IGNITION ENGINES 

By Charles S. Moore and John H. Collins, Jr. 

SUMMARY 

The cost in mean effective pressure of generating air 
flow in the combustion chambers of single-cylinder compres
sion-ignition engines was determined for the prechamber 
and the displacer- p iston typas of combustion cha mber. For 
each type a wide runge of air-flow quantities, speeds, and 
boost pressur e s was investigated. Supp lementary tests 
were made to determine the effect of lubricating-oil tem
perature, coolin g-water temperature, and compression ratio 
on the friction mean effective pressure of the single-cyl
inder test en g ines. Friction curves are included for two 
9-cylinder, radial, compression-ignition aircraft enginos. 

The results ind.icate that generating the optimum 
forced a ir flow increased the motoring losses approximate
ly 5 pounds p~ r square inch mean effective pressure re
gardless of chamber type or engin e speed. With a given 
type of cham~e r, the rate of increase in friction mean ef
fective pressu re with engine speed is independent of the 
air-flow speed. The effect of boost pressure on the fric
tion cannot be predicted because the friction was de
c ~ eased, u n c h an g ed, or increased depending on the combus
tion-chamber typ e and design details. Hi g h compression 
ratio accoun t s for approximately 5 pounds per square inch 
mean effective pressure of the friction of these single
cylinder comp ression-ignition engines. The single-cylin
der test eng ines usod in this investigation had a much 
higher friction mean effective pressure than conventional 
aircraft eng ines or than the 9-cylinder, radial, compres
sion-ignition engi n es tested so that performance should be 
compared on an indicated basis. 

I NTRODUCTION 

The importance of air flow in mixing fuel and air in 
the combustion chamber of a compression-ignition engine 
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has been recognized by i~vestigators for a number of years 
and various means have been used to generate high-speed 
air flow in the combustion chamber. 

Of the several types of combustion chamber for com
pression·-ignition eng-ines (reference 1), two distinct 
types are used in producing high-speed forced air flow. 
One type has a divided combustion space in which the air 
flow is generated by the flow of air through a fixed re
striction from the cylinder into the prechamber. The 
other type uses a displacer that comes into operation at 
a predetermined point in the compression stroke an d forces 
an orderly movement of the air from the cylinder into the 
combustion space . 

In the study of forced and controlled air flow in 
the combustion chamber of an engine, most investigations 
(references ' 2 and 3) have been directed toward the de
termination of the optimum air-flow speed and direction 
and have ignored the cost of air flow in terms 6f fric
ti on mean ef~ective pressure due ·to increased pumping 
losses . Int'he present investigation this condition ha.s 
been reversed; no attempt has been made to measure the 
actual air speeds but the cost of generating the air flow 
in t~rms of increased friction losses has been investi
gated. Friction characteristics of the prechamber and 
displacer-type chambers have been investigated for a wide 
range of air-flow quantities and velocities as influenced 
by chamber shapes and passage sizes. The scope of the 
work was further broadened by determining the basic fric
tion of the test unit with no air flow in the chamber and 
at a series of compression ratios covering the compres
sion-ignition and the spark- ignition ranges. 

APPARATUS AND METHODS 

Two single-cylinder, 5- by 7-inch test en gines were 
used in this work, both being water-cooled 4-stroke-cycle 
units identical in construction but with a small differ
ence in crankcase bearing friction. Figure 1 shows the 
general arrangement of equipment for the tests. The en
gine bases and cylinders , of regular universal test-en
gine design (reference 4), were so constructed that the 
compression ratio could be varied at will by raising or 
lowering the cylinder and head . Two cylinder heads were 
used in .this investigation, N.A.C.A. no. 7 head (fig. 2) 
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used with and without a prechamber and N.A.C.A. no. 4 head 
(fig. 3) used with both a displacer piston and a conven
tional piston. Each had its oVI'n valv e gear a nd each was 
timed for 6ptimum 4-stroke-cycle operation. The same tim
ing as was used in · previous work on these heads .(refer
ences 5 ·and 6) was used in the pre sent tests. No chang~ 
in valve timing was made for either head when c hanging 
from one type of co mbustion chamber to the other. 

In all air-flow tests the procedure was the same. 
The ·ciombu s tion chamber was assembled to give t he variabl~ 
to be studied and the .engine was motored by the dynamom
eter at the pr edetermined test speed. When all condit ions 
had bec ome stabilized, the dynamometer scn le w~s read, 
fir s t , af ter externally ap p l ying an additional ~cad and, 

. second, after dpcreasing the load . In ea ch case the sca le 
arm was allowed t o come to rest before reading . Reading s 
obtained in thi s mann er varied by only 0.3 pound (0.43 
pound per s quar e inch mean effec tive pressure) and an av
erage of the tw o read ings was recorde d . . 

Both the prechamber head and the displacer h ea d were 
used in determining th e e ff ect of mass of ·air in motion. 
For the test with the p rechamber head , the air-flow speed 
for a gi ven e~gine speed Was kept c onstant and the volume 
of air displa ~ed was changed by varying the size of th e 
chamber fron 0 to 70 percent of the to tal cl earance volume 
by using four diffe rent d e tachab13 auxi liary c hamb ers. 
For each chambe r size the total f r i ction loai was observed 
a t 1,200 , 1,500, and 1,800 r. p . m. for a · co mpr es sion ratio 
o f 13.5. With the displacer piston head , the volum e and 
sp eed of air displaced were c hanged by varying the height 
o f the dis pla cer tha t changes t h e cr a nk ang le at which the 
disp l ac e r came into a ctio n . Tests we re mad e at 1,200 , 
1, 500 , and 1,700 r . p . m. with the di s p lacer height varied 
from 7/1 6 inch to 1-1 / 2 i nches. 

Both cylinder he~ds were used in d et ermining the ef
fect of air- fl ow spe e d . ith each head the air-flow spe e d 
was varied by changin g the area of the res tri cti ng passage 
and keeping al l other co ndi tions constant. Wit h air-flow 
speed as the variab18 r u ns wero ma de onl y with both head s 
at 1,500 r.p. m. 

In or der to obtain a compar is on between t he opt imum 
pre c ha mber and the optimum disp ia cer, th e friction load of 
the optimum displacer was observ od at 900 , 1,200 , 1, 500 , 
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and 1,800 r.p.m. The displacer was next removed from the 
p iston; the bolt holes in the piston crown were pluggod; 
and, with the sarno compression ratio, tests were made at 
the sam e speeds. The"n the prechamber head was mounted on 
the "engine, first, with tneoptimum auxiliary chamber and 
second, with the head convert ed into an integral chamber: 
by clo~ing the connecting passage, and the te~ts were re~ 
p eated for e a ch assembly . 

Th e prechamb er head was again used first as an inte
gral "and then as an auxiliary-chamber type of combustion 
chamber, and the effect on the friction mean effective 
p ressure of boosting the inlet pressure was determined. 
The inl et pr essure was varie d from 0 to 10 inches of mer
cury in four steps by means of an independentlj driven 
supercha rger, and the friction mean effective pressure at 
each pressure was determined at 1,500 r.p . m. 

Several supplementary tests were mad e to obtain com
plete information on f ric tion lo sses . The effect of oil 
and wate r temperature, over a temperature range from 1200 

F . to 200 0 F . , on the friction mean effective pressure 
was detDr~ined . By the use of a n integral chamber and 
the adjustment of the compression ratio of the universal 
t est :30 gin e ( ref ere n c e 4) t h El e f f e c t 0 f co mp res s ion rat i 0 

on friction laean effec tive pressu re was investigated for 
a range of ~ompres sion ratios fr 0 m 6 to 20, all other 
conditions being constant. So t hat an idea of the magni
tude of tho air - fl ow losses compar od to the mechanical 
losses might be obtained, a "breakdown ll test was made 
whi ch consisted of progressively removing the various op
erating parts cf the Angine and obtaining the friction of 
the stripped unit . The friction of the part removed was 
obtained by differences . 

RESULTS AND DISCUSSION 

When noting the reported results, consideration ' 
should be giv e n the fact t hat an increase in friction 
mean effective pressure due to air flow was observed as 
an increase in the total friction of the engine . The 
breakdown tests, to be discussed later, show that the 
pumping loss at 1, 500 r.p.m. was about 33 percent of the 
t otal friction; as all the in c rease in friction mean ef
fectiv e pressure should be charged to the pumping loss, 
an incr ease of 10 perc en t in the total friction mean ef-
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fective pressure would be a 30 percent increase in the 
pumping loss. 

5 

Figure 4 shows that, as the proportion of the air 
charge forced into the prechamber was increased, the to
tal friction mean effective pressure was increased even 
though the speed of the air movement was kept constant. 
The - increase in friction mean effective pressure was pro
portional to the increase in the mass of air moved. 
These data were obtained from the motoring tests of the 
prechamber in which tho maximum speed of the air flow was 
held constant by properly proportioning the area of the 
connecting passa g e to the volume of the prechamber. 

I nt h e f ric i ion t est s 0 f the dis pIa c e r c h e.. m b e r ( fig. 
5) the displacer height is shown plotted against friction 
mean effective pressure. For the three test speeds, the 
friction mean effective pressure incr~ases at an increas
ing rate as the displacer height is increased, showing 
the effect o f the co mbination .of the two variables: vol
ume and speed. 

The effect of forced air-flow speed on the friction 
mean effecti v e pressure is shown in figures 6 and 7. In 
g eneral, t h e friction mean effective pressure increas e s 
with i ncrease in air-flow speed. This increase is a 
straight-l ine function for both th e p rechamber and the 
displacer. 'll he speeds are compu t ed as shown in refer
ence 6 and no attempt has been ma de actually to measure 
them or to investigate the nature of the flow. 

A comp a r ison of t h e displac e r chamber and the pre
chamber is s h own in fi gure 8. At the h i gher speeds the 
displacer has more friction than the prechamber because 
of the induction throttling action of the under-sized 
throat. Later tests have shown that enlarging the throat 
area of the displacer chamber but keeping the passage 
area the sa me ca used t he slope of the friction curve to 
decrease. I n either type of cha mter the cost of generat
ing the re qui red air flow is approximately 5 pounds per 
square inch f riction mean effective pressure. 

The prechamber head was used first as an auxiliary 
chamber type of combustion chamber and next as an inte
gral type- of combust i o n chamber; t he effect of boost 
pressure on both types of combustion chamber was deter
mlned. (See fig. 9.) As the inlet pressure was increas~d. 
a small increase in friction due to the .greater density 
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of the air forced through the connecting passag e was noted 
for the prechamber. With the i nte g ral chamber the fric
tion mean effect i ve p ressure i s practicall y constant over 
the ran g e of pressures teste d . Lat er tests, using a dis
p lacer piston at 15 .3 compressidn ratio an d at 2, 000 r.p.m., 
have shown that the friction decr ease s from 44 to 38 
pounds per squar e inch mean effective pressur e when the 
boost pressure is raised from a to 20 inc h es of mercury. 
Enlarging the throat area was found t o decrease the fri c
tion mean effect ive pressure at a ll speeds and boos t pres
sures tested . In every case , the supercharger was 'driven 
independently of the en g ine and the friction me a n effective 
p res s u re measured for the engine alone. 

Th e e ff ect of lubrica ting oil and coolan t temperatur e 
on friction is well known; ho wever, in order to show the 
magnitude of these variables compared with changes in the 
pumping loss, curve-s' are presented tha t show the chang e in 
friction mean effective pressure with chan ge in lubricat
ing oi l and coolant temperature (fig. 1 0) . These data, 
like a ll other data pre sented herein, are f or motoring 
conditions ; in this ca s e, however, the trend under p ower 
wa s checked against t hat under motoring condi tions , and 
the trends were found to be the same. 

The ef f~ ct of compre ss ion ratio on friction is not so 
un iversall y ac cepted as the eff eo t on friction of the two 
v a riables d is cussed in the prec e a ing paragraph . In fa ct, 
compression ratio has been roportod by other investigators 
(refe rence 7) as having no eff ect on the friction mean ef
fe ctive pressure . In the p res ent paper, curves are pre
sent ed (fl.'!: . 1 1) sho wing the ef fect cf compression rati o 
over a wid e ran e a nd at t h ree s peeds . The resul ts are 
easily reproducible for motoring conditions and should be 
comparable with the other results pre sented in this report. 
The shap e of the curves is s ignificant in that they flat
ten out at the high comp ression ratios; ~onsequently, in
creasing the co mpr e ssi on ratio of a compression-ignition 
engine incr ea ses the fric ti on mean effective pressure less 
than a corr e spon1ing incre~se in the compression ratio of 
a gas oline engi ne be cause the l atter engine op erates at 
the lower compression ratio where the ra te of increase is 
hi gh. 

The a ppa rently inh erent an d unavoidable loss due to 
compression-ratio increas e is caused by p rassure leakage 
and heat lo~s, wh ich decrease the energy returned to the 
flywheel on the expans ion stroke. The curves indi~ate 
that a compression-ignition engine op erat ing at a compr es-
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sion ratio of 15 would have a friction mean effective 
pressure greater by approximately 6 pounds per square 
inch than a carburetor engine at a compression r~tio of 
7. 

7 

Table I is presented to givD an idea of the friction 
of the difforent parts of the test engine used in this 
work. No attempt will be made to justify the method used 
to obtain these data and the results may be subj ect to 
minor errors: however, the authors believe the results to 
be indicative of the friction caused by the different 
parts itemized in the table. Attention is called to the 
high fric~ion of this test engine. In the analysis of 
t h e o t h er results presented this fact must be borne in 
mind. It should also be r em emberod that all po we r tests 
made with single-cylinde r engines by the N .A.C.A. at 
Langley Field are made on this same type of test unit and, 
owing to its high frictioni "the reported brake performance 
is correspondingly low, therefore performance should be 
compared on tho basis of indicated performance . 

Friction characteristics of two 9-cylinder compres
sion-ignition aircraft eng ines are s h own in figure 12. 
These data have been supplied b y the Bureau of Aeronau
tics, Navy Department . The engi ne s are both air-cooled 
radial of tb8 sing le poppet-valve type. Because of the 
low friction values and slight s lop e of the curves, t h e 
lower curve has been completely rechecked by test. Dur
ing these tests there was no inai cation that combustion 
of the lubricating oil was aecreasing the friction read
ing. Tho low friction values ma y be attribute d in part 
to the use of the sinb le large poppet valve, instead of 
t wo s ma ller valv as , aad to the co mple te a bsence of induc
tion piping an d b lower. The test results are presented 
as the onl y available information reg~rding the friction 
characteris tics of aircraft compression-ignition engines. 

CONCLUSIONS 

1. The increase in friction mean effective pressure 
due to forced air flow is directl y proportional to the 
increase in volume and speed of the displaced air. 

2. With a given type of cha moer, the rate of increase 
in friction mean eff ective pressure with engine speed is 
independent of the air-flow speed. 

J 
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3 . The effec t of boost pressure on friction cannot 
be predicted because the friction was decreased, unchanged, 
or increased with incroase in boost pressure. depending 
on the combustion-c hamber type and design dotails. 

4 . For optimum conditions, the forced air-flow fric
tion amounteq to approximatoly 5 pounds per square inch 
mean effective pressure regardless of the engine speed or 
the type of combustion chamber . 

5 . High compression ratio accounts for approximately 
5 pounds per square inch mean effective pressure of the 
friction of these single-cylinder compression-ignition en
gines . 

6 . The friction mean effective pressure of this type 
of single - cylinder en g ine, even without air flow and at a 
compre ssion ratio of 5 . 5, is much hi gher than that of con
ventional aircraft engines or the 9-cylinder radial com
pression-ignition enginGs tested and performance should 
therefore be compared on an indicated basis. 

Langley Memorial Aeronaut ica l Laboratory, 
Nat iona l Advisory Co mmittee for Aeronautics, 

Langley Fie ld, Va., Jul y 9, 1 936. 

-------~-
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TAELE r 

Breakdown Tests o f Test Unit 1 

(Prechamber cylinder head a s integra l chamber ; c om
pression ratio, 13 . 5 ; oil temperature - out, 
1800 F.; water temperature - out 1700 F.; engine 
speed, 1,500 r.p . m. ) 

Percentage 
Engine par t f . m. e . p . o f total 

losses 

Ib . !sq.in . 
Pump ing losses 12 . 1 32 . 8 

Pis t on, rings and rod 11 . 1 30 . 0 

Main bearin g s 8 . 0 21 . 7 

Valves and valve gear 2.7 7 . 3 

Water pump 1.5 4 . 0 

Oil pump .5 1.4 

Fue l pUlI'}) 
I 

0 0 
(Throt tl e closed) 

! --, 
Fuel pump 

I 
1.0 2 . 8 

(Injecting full load) 
I 

Total losses, 
integral chamber 36.9 100 . 0 

(Total losses ) I , 
( 4 1.0) 70 percent prechamb e r I 

10 
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Figure 2.- Prechamber combustion chamber. 
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Figure 4.- Effect of prechamb er size on f .m .e. p . Test unit 1; 
prechamber cylinder head; compre ssi o~ r a tio. 13. 5 ; 

oil temper a ture - out, 1800 F.; wat er t emper a tu r e - out, 1700 F. 
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