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AERONAUTICAL SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 
Unit Symbol Unit Symbol 

Length ____ _ l 
t 
F 

meter ___________________ _ m 
sec 
kg 

foot (or rnile) _________ ft. (or mi.). 
Tirne ______ _ second ____________ - - - - - -- second (or hour) _______ sec. (or hr.). 
Force _____ _ weight of one kilogram ____ _ weight of one pound_ _ _ lb. 

PoweL _ _ _ _ _ P kg/m/sec _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ horsepower- _ - - - - - - - - - HP. 
Speed ________________ m/sec ______________________________ mi./hr ________________ M. P. H. 

2. GENERAL SYMBOLS, ETC. 

Weight, W=mg. 
Standard acceleration of gravity, 

g = 9.80665m/sec2 = 32.1740ft./ ec.2 

W 
Mass m= -, g 

Density (mass per unit volutne), P 
Standard density of dry air, 0.12497 (kg-m-4

-

sec3) at 15°C and 760 mm=0.002378 (1b.
ft. -4-sec. 2) 

Specific weight of" standard" air, 1.2255 kg/rna 
= 0.07651 Ib./ft.3 

Moment of inertia, mk2 (indicate axis of the 
radius of gyration, k, by proper subscript) 

Area, S; wing IHea, Sw, etc. 
Gap, G. 
Span, b; chord length, c. 
Aspect ratio = b/c. 
Distance from c. g. to elevator hinge, j. 
Coefficient of viscosity, p.. 

3. AERODYNAMICAL SYMBOLS 

True airspeed, V. 

Dynamic (or impact) pressure, q=~ p V2 

Lift, L)' absolute coefficient OL= fs 
Drag, D; absolute coefficient OD= ~ 
Cross-wind force, 0; absolute coefficient 

Oo=!Z 
qS 

Resultant force, R. 
(N ote that these coefficients are twice as 

large as the old coefficients Le, Dc·) 
Angle of setting of wings (relative to thrust 

line), iw' 
Angle of stabilizer setting with reference to 

thrust line, it . 

Dihedral angle, 'Y. 

Vl 
Reynolds Number = p - where l is a linear di

o p. 

mension. 
e. g., for a model airfoil 3 in. chord, 100 mi./hr., 

normal pressure, O°C: 255,000 and at 15°0, 
230,000; 

or for a model of 10 cm chord, 40 'In/sec, 
corresponding numbers are 299,000 and 
270,000. 

Center of pressure coefficient (ratio of distance 
of O. P. from leading edge to chord length), 
Op. 

Angle of stabilizer setting with reference to 
lower wing. (it -iw) = {J. 

Angle of attack, a. 
Angle of downwash, E. 
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REPORT No. 239 

POWER OUTPUT AND AIR REQUIREMENTS OF A TWO-STROKE 
CYCLE ENGINE FOR AERONAUTICAL USE 

By C. R. PATON and CARLTON KEMPER 

SUMMARY 

The investigaLion herein repoded was undertaken by the J aLional Advisory Committee 
for Aeronautic at its research laboratory, Langley Field, Ya., in order to determine the pres
, ure and amount of air necessary for satisfactory high-speed two- t1"oke cycle operation and 
Lhu permit the power requirement of the air pump or blower to be determined. A sembly 
and development of the apparatu and preliminary work in connection with the fuel-injection 
system were done under the direcLion of Mr. Robertson MatLhews. 

The object of this investigation was to determine the pres ure and amount of air nece sary 
for satisfactory scavenging and operation of a high-speed, two- troke cycle engine for aero
nautical use, a 5 by 7 inch ingle-cylinder Liberty test engine being adapted for the purpo e. 
The fuel and scavenging sy tem con isted of a fuel-injection pump and injection valve, used 
in conjunction with a separately driven RooLs type blower. Tests were conducted at speeds of 
1,000, 1,200, and 1,300 revolution per minute, with air- upply pressures from 2 to 6 Ibs. / q. in. 
gauge, and results show, that 53 brake horsepower could be developed at 1,300 revolutions 
per minute, with a scavenging air pressure of 5.5 Ibs./sq. in., a specific air consumption of 
9 Ibs. /b. hp./hr., and a spe ific fuel con umption of 0.611b. /b. hp. /hr. nder these conditions 
3 horsepower was required to supply the air, resulting in a net power output of 50 brake horse
power. A minimum specific air consumption of .4 Ibs. /b . hp. wa obtained at this peed 
with an air-supply pressure of approximately 3.5 Ibs. / q. in. when developing 41 brake horse
power. Chattering of cam-operated exhau t valve prevented higher speeds. 

Based on pow I' output and ail' requirement here obtained tbe two-stroke cycle engine 
would seem to be favorable for aeronautical use. No attcmpts were made to ecme satisfa tory 
operation at idling speeds. 

I TRODUCTION 

It has frequently been propo ed to u e engin es operating on the Lwo-stroke cycle for air
craft, because of the inherent po ibilities of obtaining decreased weight per horsepower. In 
order, however, to operate. economically at high speeds and high mean eirective 1 re sure, ome 
alLxiliary means of eavenging, that would tend to avoid los of fuel with the exhaust, i neces
sary. pecial attention has been recently directed toward the u e of a compres or or blower to 
supply the neces ary air for cavenging, as well as for combu tion, in order to increase the power 
output. 

To estimate Lhe performance of such an engine, among othcl' thing' the pow r required 
by the air pump or blower must be considered . This is dependenL on the pre sure and amounL 
of ail' neeessary for uti faetory scavenging. No adequate ini'ol'maLion was avaihtble concern
ing th e e requiremenLs for high-speed two-sLroke cycle cngincs. 

Considerable research and development work had been done along Lhese lines but most of 
it was applicable to engines operating at relatively low speeds. Dming the war, Doctor Junkers, 
in Germany, developed (Reference 1) a 500-horsepower, six-cylinder, valveless two-stroke 
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cycle engine for aviation purpose having two oppo ed p istons per cylinder and u ing airle s 
fuel injection, electric ignition , and a direct connected scavenging blower. Operation was 
reported to be atisfactory at 2,000 l'evolutions per minute. H owever , work on tills engine 
was discontinued at; the cIo e of the Will' and no test re 'ulLs were available concerning i ts air 
requirement .. 

DESCRIPTION OF E QUIPMENT 

ENG INE AND AIR SYSTEM 

For the pUJ'po e of this in\'"(' tigation a single cylinder Liberty test engine, having a 5-inch 
hore anel 7-inch stroke, was used. It wa altered as nece . ary to J)crmit its operation on the 

two-stroke cycle wi th dome tic avi
ation ga oline a. fuel and with the 
usual c1cctri . iO'nition. The stand
ard Liberty cylinder was alLCl'ecl as 
hown in F igure 1, mounted on a 

single cylinder crank case and the 
engine connected to an electric cra
dle type dynamometer. .Air was 
upplied at variou' pressures by a 
eparatcly driven RooL blower and 

fuel wa sprayed inLo the air, as it 
entered the cylinder, by a cam actu
ated fuel injection pump and spring 
loaded fuel inje Lion valve. This 
airles fuel injection s)'::;tem, ubsti
Luted for the usual carbureter, al
lowed the time of injection to be 0 

delayed as to prevent the 10 of fuel 

T.O.c. 

'~nlervalve used as exhaust valve 

FIG. 2.-Two-stroke cycle valve timing 

FIG. I.-Two·stroke Lib e r t y 

with the exhau t ga es and cavenging air. As hown, inlet port were 
provided in the cylinder wall which communicated with a box to which 
air was uppJied under preSSUTe by the blower. Both valve in the head 
were u eel for exhaust and were operated by a modified Liber ty valve 

adaption, showing ex tent of mechanism. Exhau t through valves in the head "vas adopted pri-
jacketremovedtoaccommo<iate marily to facilitaLe the nece sary alteration to the Liber ty cylinder, it 
inlet ports and ai l' box, also 
amount standard piston over- being more di[ftculL to provide ui tably cooled exhaust port at the base 
travels inlet ports of the cylinder than to ('xhau t through the two valves in the head, 

where suitable cooling was already 
provided. Figure 2 hows a dia
gram of the timinO' of port and 
valven

• Scavenging all' entered 
the cylinder a the pi ton uncov
ered the port; the injection of fuel 
into the air being d layed to in
sme that; the minimum amount; 
woul l be carried out through the 
exhaust with the cavengmg mI'. 

The piston u ed wa similar 
in form to the standard Liberty 
high compression type an 1 ga,Ye 
an effective compre ion ratio , con
sidering the reduction in effective 
stroke cau ed by the pre ence of 
the inlet port , of 4.7 to 1. A 

Durley orifice box 

Baffles 

Air 
receiver 

Vol. 
68 cu.f!. 

To dynamometer 

Tonk pressure 
--- manometer 

6"Ape 

FIG. 3.- Diagrammntic sketch of air ),stem 
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pi ton having a skirt suIIiciently long to cover the ports with the piston at the to p of tIle stroke 
could not readily be adapted; thercCore the crank case was clo ed and ubjected to approxi
mately the same mean pI' SSUl'e as the air supplied to the engine. 

A diagrammatic ketch of the apparatus used for mea uring and supplying ail' under pres
sure is hown in Figure 3, a standard 2-inch Durley orifice (References 2 and 3) being used to 
determine the air consumption. Pressure Huctuations normally existing as are. ult of the 
operation of the blower and of the intermittent flow to the engine were reduced by a combina
tion of a throttling valve, rubber diaphragms, large capaeity reeeiver , and baffles 0 that thi.s 
method should give fairly reliable re ult. A small surge chamber was placed as near the 
engine as possible to insure freedom from irregular operation dUI' to surging in the air line. 

FUEL SYSTEM 

The fuel system compri cd a primary gear pump, uppl)ring fuel at a pressure of 70 lbs. /sq . 
in. to a cam-actuated plunger type' in.icction pump, 'which in turn supplieclfucl to a spring-loaded 

Roller 
follower 

Fi\; . 4.- Fuel injection 11limp 

injeelion nozzle. The nozzle' wa alTangecl to 
spray the fuel into the ail' a it entered the en
gine cylinder', the spray being directed again t 
the air stream. This location and arrangement 
of the nozzle was selected after trials which 
showed it to give the maxinlum power output. FI G. :;.- Fuel injection pump and timing mechanism 

A sketch or tho injection pump is shown in Figure 4. The cam operate the pump plunger 
by means of a roeker arm having a roller follower. A threaded adjusting sleeve operated by 
a gear and hand crank (fig. 5) limits the suetion stroke of 1,hi plunger, thereby, eontrolling 
the quantity of fuel injected per cycle. Tho hub of this sleeve is graduated, permitting accurate 
adjustment of the pump stroke from zero to the maximum cam lift of 0.200 inch by increments 
of 0.005 inch. The best results were obtained with a plunger diameter of 0.53 inch; only 
approximately one-fourth of the available plunger stroke was requirod for the maximum power 
developed. The injection pump is mounted on a special timing head (shown in figs . 5 and 5). 
A convenient hand wheel operating a worm permits aclju tment of the injection timing while 
the engine is operating. 

87967- 26-2 
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A sketch of the fuelmjection valv0 is shown in Figure 7. The needle valve has a lapped 
fit in the valve body and is lifted by the fuel pressure on the exposed cross section of the stem. 

FIG. 6.- Liherty single cyliuder two-stroke cycle engine 

FIG. i.- Fuel i njecLion vnh'e 

An adjustable spring governs the pre sure at 
which the valve opens. For these test the 
spring wa adjusted to permit opening of the 
valve when a static pre sure of approximately 
1,6001b .jsq. in. was applied. The nozzle has 
two holes of 0.022 inch diameter, which direct 
the fuel against an impact lip. 

The discharge characteri tic of the com
plete fuel injection system have be n ref orted 
in N. A. C. A. Teclmical Note o. 213. 

METHOD OF TESTING 

The method of obtaining the performance data was to operate the engine w.ith a fixed air 
upply pre me, electing by trial, a suitable pump stroke (fuel quantity) and pump timing to 

give maximum power with minimum fuel consumption at speeds of 1,000, 1,200, and 1,300 
revolutions per minuLe. Te ts were then made with the pump stroke reduced until a decrcase 
or approximately 1 per ~ent in power was observed. In order to insme that the mo t suitable 
pump timing had been used, tests were al 0 made with the timing both slightly advanced and 
retarded from the position originally selected. The air supply pressure was then increased 
and similar tests made. Air supply pre sures from approximately 2 to 5.5 lbs. /sq. in. gauge, 
were used and the air and fuel consumption and power output determined for air-fuel ratios 
giving both mUuximum power and approximately 99 per cent maximum power. 

The air consumption was determined as previously stated, with a tandard 2-inch Durley 
orifice after special precautions had been taken to insure air flow, free hom troublesome pressure 
fluctuation. A sensitive recording manometer (Reference 4) was used to determine the pre sme 
fluctuations at the orifice and with its aid a combination of a throttling valve, rubber diaplu·agms, 
large capacity receivers and bafHes was selected which reduced these fluctuation to a degree 
which was considered satisfactory. Since fluctuating pressures have been shown to tend to 
exaggerate the true amount of the air flow (Reference 5), the air quantities recorded are, if 
anything, slightly too large. Air-fuel ratios obtained during the tests, as computed from these 
air measmements indicate, however, that the air quantities were not unreasonably large. 
Pressure ill'op at the orifice was determined with an inclined manometer reading to 0.01 ineh 
of water and the air supply pressmes recorded were determined by means of a mercury 
manometer located at the large tank. 
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The fuel quantity wa determined by calibrating the nozzle and pmnp. Fuel from Lhe 
nozzle was weighed for a known number of cycles, while discharging at atmospheric 'pres ure, 
thus making unnecessary any correction for leakage of the system. Since the pressure of the 
air into which the fuel was injected dLu'ing the engine te ts did not exceed 6.25 Ibs. /sq. in. gauge, 
the calibration obtained by testing at atmo pheric pressure wa substantially correct. 

The engine power was measured by means ' of an electric cradle-type dynamometer, and 
magnetically operated stop watch and revolution counter. Temperatures of air, oil, and cool
ing water were maintained approxinlately constant. Ignition was timed to occur at 30° advance, 
two spark plugs being used during all test. Engine compression pre ures were determined 
with a balanced pi ton indicator while the engine was being driven by the dynamometer. 

RESULTS OF TESTS 

The te t 1'e ults are pre ented in the form of curves, Figures 8 to 12, inclusive, all of which 
arc ob erved porformance at sea level. The rate of air flow, compression pre uro, and observed 
brake horsepower resulting from changes in 
the air supply pre Ul'e are hown in Figure 8. 

/80 

The curvesrepre enting airflow in Ib. /hr. 
are lineal' for all but the higher ail' pre ures 
at 1,300 revolutions per minute. The air 
flow was apparenlly aO'ected very liLtle by 
cnange of engine peed oyer the range inve -
tigated and was largely dependent on the air 
suppl" pre ure. Un uitable valve !rear dr-

J ~ .r::/70 
sign was probably responsible for the shape C)-

of tho CUlye at 1,300 revolutions pel' minute. ~ 
:Q 

The curves of com pre sion pre sure are fJj-/60 

also lineal' [or the range investigated. ~ 
It houlcL be noLed that it \vas pos ihle ID 

to develop con i tently 53 brake hoI' epowel' ~/50 
at 1,300 revolutions pel' minute with corre- .~ 

II) 

ponding brake mean effective pre.:; ure of II) 
~/40 

116.5 lbs. /sq. in. Thi same engine when ~ 
operated a a four- troke cycle with a carbu- <3 
reter developed only 27.5 brake horsepower /30 

/;bo lpM 55 
/v. ---r-

V V 
vl2'fO-

Observed B.~ V V 
L,..9' 

v /oho , 
~ 

V V ~ V V 1 ~. 
§ ~ ~ 

~~'-

000~~go_ --:?' . .7~\() 

/ ~ 
25 

550 

Compression ,/ ~ 
pressure~~ 

/; V' \~O~O 

~ ~ ~ 
~~-:= 

// (/ ~ 'P. 130fT-
/~ (/ ~ ~ 

Air flow, /b.air/hr. 

/':/ 
/ 

// 
~ 
~7 

~ 
at this same f'pecd. The curve for 1,300 
revolu Lion pel' minute reaches a maxit11l1 m 
aL an ail' supply pres 'ure of approximalely 120, Z 3 4 5 6 C'50 
6 Ibs. / q. in., caused, presumably, by Lhe Air supply preSsure. /b./sqin(qauge) 

decrea e in ail' fiow a indicated at this Fir; . 

speed and pressure. OlUe brief tests were conducted with fuel injected directly into the cyl
inder, but the power output was much lowor than when the fuel was injected inLo the entering 
air stream. As Lhe primary object of making the e tests was to determine the ail' requirements, 
no further attempt was made to develop direct-to-cylinder injection which might have po sibili
tics equal to tho e of injection inLo tho entering all'. 

It \\-a found desirable, in order to reduce the tendency toward detonation , to u e c. c. 
of ethyl fluiclpel' gallon of domestic aviation gasoline. J 0 pump trouhle was experienced in 
using eiLher gasoline alone or gasoline and eLhyl fluid mixture. Even though the compre ion 
pressures varied over a wide range, the det nation remained fairly uniform in intensity during 
mo t of the run. It was not thought Seyere enough to affect eriously the power output. 
not exhaust valve and reduction of the amount of residual exhaust gases (Reference 6), due 
to the scavenging ail', hoth probably conLributed to the tendency toward detonation. Experi
ments at the Bureau of tandard have shown thaL iL i very cliincult to scavenge a cylindrical 
chamber as completely by means of an air blast as by actually passing a piston throughout its 
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lengLh.l However, in the case of an actual engine cylinder, where the clearance space is of 
necessity not travCl ed by the pi ton, it is po ible with ail" s avenging alone to equal or even 
ex eed the scavenging accompli hed in the conventional four- troke cycle engine. I n the ca e 
of a four-stroke cycle engine, 100 per cent cavenging of the displaccd volume is accompli hed 
by the piston, but the clearance volume remain practically unscavenged. In the ca e of the 
two- troke cycle, herein de cribed, although the displaced ,olume is incompletely scavenged 
by the air bla t it i also possible by the same means to scavenge partially the clearance space. 
Thus it i conceivable that one might obtain better cavenging with the two-stroke cycle 
engine, using air scavenging alone, t]1an that possible with a four-stroke cycle engine oJ con
ventional design. 

It was ob ervecl that when the engine wa operated with suitable pump Liming, rich mixtures, 
and air supply pressures of 3.5 to 4 Ib .f q. in. regular operation would continue without elecLric 
ignition if the cooling waLer temperatures were lugh enough. Thi would indicate either that 
some part within the combusLion chamber wa hot cnough to cause self-ignition or that con
Linuous burning was Laking place. It wa. questioned whether exhaust valves were hot enough 
Lo cause seH-ignition in the brief time interval available at these engine speeds (Reference 7) . 
With the intention of deLermining whether inerea e of the amount of scavenging air would 
influence this self-ignition tendency, the engine was operated at se,era'! scavenging ail" pre Ul"es 
and the water temperatures increased until uniform operation was ohtained without lectrie 
ignition. With an air upply pressure of 3.5 to 4 Ibs. /sq. in. satisfactory operalion without elec
tric ignition was obtained when the water tempera,ture rea hed 150 0 F. The engine then con
tinued to run withouL mis ing until the water temperature wa reduced .to 90 0 F. When the 
air supply press"me was increased to 5 Ibs. /sq. in. ell-ignition could not be obtained even with 
very high jacket watcr temp ratures. This indicated that thc inCl·eased amount of cold scav
enging air, preceding injection of fuel, either prevented ignition by residual flame or so reduced 
the Lemperature of thc hot part as to eliminatc self-ignition. As the tendency towa,rd detona
Lion i known to be increa ed by Lhc presencc of hot region in the cylinder (Reference ), this 
influence of the excess amount of cold sca,enging air on combustion chamber temperatures 
probably also partially accounts for the fact that detonation was fairly uniform for all load 
conditions. This may be explained by the facts that as the fuel and air charge and compre -
sion pressure were increased, which would normally be expccted to increase the detonation, 
the exhaust valve and combustion chamber temperatures tended to decrea e clue to the 
increased flow of cold scavenging air, the net result being practically uniform detonation for the 
range of aiI" pre sures investigated. 

Thc assumplion that excess amounts of scavenging air flo"w past the exhau t vajycs 
aL air supply pressures above 3.2 lhs. /sq. in. is borne out hy an examination of Figure 9, 
which shows the cffect of changes in air supply prcssure on thc pccific air con umption. 
H can be seen that above this pressure there is a marked increase in specifi ail" consumpLion, 
indicating loss or ail" with exhaust gases. As previou ly explained, two distinct series of to ·ts 
were made, one with IDi.'dure quality giving maximum power and the other slightly leaned 
until approximately 1 per cent decrease in power was ohserved, the corresponding curves being 
given in Figure 9. The specific air consurnpLion depends on the mixture quality but the mini
mum occurs at 1,300 revolutions per minute with a full rich mixture and an air supply pres ure 
of approximately 3.4 Ibs. /sq. ill. The minimum pecific ail" consumption at 1,300 revolution 
per minute was found to be approximately 8.35 Ib ./b. hp./hr. and may be compared with a 
yalue of 7.15 lbs. /b. hp. /hr. consumed by a four-stroke cycle single-cylinder te 1, engine of equal 
displacement when operated under similar conditions . 

Figure 10 shows the relation between specific air and fuel consumption and the brake 
hor epowcr. It is interesting that both thc minimum air and fucl consumptions occur at 
approximately the same power ouLput and that any illcrea e in power results in a sub tantial 
iner-ca e in both air and fuel con umpLion. The specific fuel con umptioll at 1,300 revolutions 
per minute reache a minimum of 0.55 lb. /b. hp. /hr. when approximately 40 brake horsepower 

I So far as the au hors know these experiments have not been published. 
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net is being developed or approximately 45 per cent more power than when operated on the 
four-stroke cycle. It is noteworthy, however, that the pecific fuel con umption is increased 
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by only approximately 12.5 per cent above its minimum value when the power output is 
increased to 50 brake horsepower net or approximately 82 per cent more power than that of the 
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corresponding four-stroke cycle engine. Estimated power required to supply the necessary cav
enging air has been subtracted from the observed brake horsepower of the engine in arriving at 
the net vfLlu es given above. 
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The high specific fuel consumption of 0.61 lb.fb. hp.jhr. at 1,300 revolutions per minute, 
corresponding to a power output of 50 brake hor epower net, is partly due t.o the }ugh friction 
horsepower (6 .9) of the single cylinder Liberty base on which the te 1.s were performed. As um
ing that a multiple cylinder two- troke cycle engine would have approximately the arne frict.ion 
horsepower as a four-stroke cycle aircraft engine of the same displacement, the fuel con umption 
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with the above operating condit.ions would be reduced from 
0.61 to 0.57 Ib. /b. hp./hr. Applying a corre pnding re
duction to all of the fuel consumption values would serve 
to make them more nearly approach those obtained with 
current aircraft engines. 

Figure 11 shows the power required to suppy the air 
used by the engine when operating at speeds of 1,000, 
1,200, and 1,300 revolutions per minute and delivering the 
power indicated. Power required by the blower is also 
shown in terms of percentage of t.he observed brake horse
power of the engine. These 'urves are ba ed on the power 

20 1000 1200 1400 requirement of t.he . A. C. A. Roots type upercharger, 
RPM a mechanical efficiency of 5 per cent being a sumed. Thi 

FIG. 12 efficiency is considered conservative a actual test of the 
N. A. C. A. Roots supercharger have shown somewhat higher mechanical efficiencies than tlUs 
assumed value. It will be readily appreciated that with suitable engine valve and port timing 
an oversiz~ blower could be provided, thus serving to maintain the de ired air pressure to a 
predetermined al titude. 

Figure 12 shows both the ob erved and net power developed, plotted acrainst revolutions 
per minute for air supply pressures of 3.6 and 5.5 Ib. / q. in. gauge. These curves indicate 
that given suitable valve mechanism higher speeds than tho e investigated would be perfectly 
feasible. 

CONCLUSIONS 

The resul ts of these te3lts, although incomplete, indicate that greatly increased power out
put, per unit of engine displacement, can be obtained with thi two-stroke cycle engine, without 
the excessive fuel con umption u ually associated with carbureted two-stroke cycle engines . A 
power outpu t of 53 brake horsepower at 1,300 revolutions per minute or almo t 5 per cent more 
than is developed in one cylinder of a standard Liberty 12 engine at the same speed, was con
sistently obtained with a 5 by 7 inch modified Liberty engine cylinder. Under t.hese con
ditions specific air and fuel consumption of 9.0 and 0.611b. /b. hp. /hr. respectively, were obtained. 
Air was supplied, in the above case, for both scavenging and combu tion at 5.5 pounds gauge 
pressure. The power requir ed by a . A. C. A. Roots type compressor of sufficient size to sup
ply the necessary air, when the engine was operatincr at this power output, was estimated to be 
3 horsepower. TlUs figure might be reduced by using crankcase compre sion in conjunction 
with the compressor. 

An engine of this type using airless injection, electric ignition, and blower cavenging an I 
having the above performance characteristic , would eem to be worthy of consideration a a 
power plant for aeroplanes in wlUch the prin1.ary engine requirement i the development of a large 
power output per unit of engine displacement, and fuel economy is relatively unimportant. 

The engine did not give satisfactory operation at idling peeds, but no attempt wa made to 
develop a de ign sati factory in this re pect as it was beyond the cope of thi investigation. 

The highest engine speed po sible with the present design , using standard Liberty valves 
and valve gear, was 1,300 revolutions per minute, but it is felt that there would be no marked 
change in power, air or fuel coLi umption at somewhat higher peeds, as the trend of the CUl'ves 
show no decrease in power or increase in specific ail' or fuel con umptioll with incl'ea. e in peed 
up to 1,300 revolutions per minute. 

... 
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It is Lhought that uitable valve and valve rnechani m would permit much higher engine 
speeds than were possible wiLh the pre ent engine, and that better results would be obtained by 
reversing the direction of gas flow through Lhe cylinder so that the charge would enter through the 
valves and exhaust through the ports. This latter ehange would increase valve life, insure cool 
valves, which would materially reduce the tendency toward detonation, and should improve the 
operation at idling speeds . In the pre ent design, a small idling charge can not reach the spark 
plugs without being 0 diluted as to prevent ignition or at l east cause slow burning. Stratifica
tion of the combustible charge remote from the spark plugs, as would be the case in the present 
engine, would be detrimental, whereas, with the direction of ga flow rever ed, a leading charge 
of scavenging air could be timed to precede the injection of fuel and thus leave a stratified charge 
of eombu tible mL'dure at the spark plugs. 
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Positive clire.ctions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Force 
(parallel Linear 

Sym- to axis) Designa- Sym- Positive Designa- Sym- (compo-
Designation bol symbol tion bol direction tion bol nent along Angular 

axis) 

LongitudinaL __ X X rolling __ . ___ L Y~Z rolL _____ <I> u p 
LateraL _______ Y y pitching ____ 111 Z~X pitch _____ e v q 
NormaL __ ----I z z yawing _____ N X~Y yaw _____ -V w r 

Absolute coefficients of moment 
L M N 

Ol = qbS Om = qcS 0,,, = qj8 

Angle of set of control surface (relative to 
neutral position), 8. (Indicate surface by 
proper subscript.) 

Diameter, D 
Pitch (a) Aerodynamic pitch, pa 

(b) Effective pitch, Pe 
(c) Mean geometric pitch, Po 
(d) Virtual pitch, pv 
(e) Standard pitch, Ps 

Pitch ratio, p/D 
Inflow velocity, V' 
Slipstream velocity, Vs 

4. PROPELLER SYMBOLS 

Thrust, T. 
Torque, Q. 
Power, P. 

(If "coefficients" are introduced all units 
used must be consistent.) 

Efficiency 1/ = T VIP. 
Revolutions per sec., n; per min., N. 

Effective helix angle q, = tan-1 (~:"n) 
5. NUMERICAL RELATIONS 

1 HP.=76.04 kg/m/sec=550 lb.jft./sec. 
1 kg/m/sec=O.01315 HP. 

1 lb. = 0.4535924277 kg 
1 kg = 2.2046224 lb. 

1 mi./hr. = 0.44704 m/sec 
1 m/sec=2.23693 mi./hr. 

1 mi. = 1609.35 m= 5280 ft. 
1 m = 3.2808333 ft. 


