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AERONAUTICAL SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Length ____ __ _ 
Time ____ ____ _ 
Force __ _____ _ 

Symbol 

l 
t 
F 

Metric 

Unit 

meter __ ___ ____________ _ 
second _____ __ _________ _ 
weight of 1 kilogram _____ _ 

Symbol 

m 
s 

kg 

English 

Unit 

foot (or rnile) ________ _ 
second (or hour) ______ _ 
weight of 1 pound _____ _ 

Symbol 

ft. (or mi.) 
sec. (or hr.) 
lb. 

PoweL______ _ P kg/m/s ________________ __ ___ ___ ___ hor epower __________ _ 
Speed _____ _____________ {km/h_ - - - - - - - - - - - - - - - - - k.p.h. mi. /hl'. - - - - - - - - - - - -- --

hp . 
m.p.h. 
f.p.B. m/s_ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ m.p.s. ft./sec. ______________ _ 

2. GENERAL SYMBOLS, ETC. 

W, Weight=mg 
g, Standard acceleration of gravity = 9.80665 

m/s2 =32.1740 ft ./sec.2 

W 
m, Mass=-g 
p, D ensity (mass per unit volume) . 
Standard density of dry air, 0.12497 (kg-m- 4 

s2) at 15° C. and 760 mm = 0.002378 
,(lb .-ft .-4 sec.2) . 

Specific weight of "standard" air, 1.2255 
kg/m3 = 0.07651 Ib ./ft.a. 

mk2
, Moment of inertia (indicate axis of the 

radius of gyration k, by proper sub
script). 

Area. 
'Wing area, etc. 
Gap. 
Span. 
Chord. 

s, 
Sw, 
G, 
b, 
C, 

b2 

S' Aspect ratio. 

J1., Coefficient of viscosity. 

3. AERODYNAMICAL SYMBOLS 

'V, True air speed. 
1 

q, Dynamic (or impact) pressure=2 PV2. 

L, Lift, absolute coefficient OL=:S 

D, Drag, absolute coefficient OD= ~ 

Do, Profile drag, absolute coefficient ODO=~S 

D f , Induced drag, absolute coefficient ODf=~S 

D p , Parasite drag, absolute coefficient OD p = ~S 
0 , Cross-wind force, absolute coefficient 

o 
OC=qS 

R, Resultant force. 
Angle of setting 

thrust line) . 
of 

Angle of stabilizer 
thrust line). 

wings (relative to 

setting (relative to 

Q, Resultant moment. 
0, Resultant angular velocity. 
Vl 

p- ' Reynolds Jumber, where l is a linear 
J1. dimension. 

e. g., for a model airfoil 3 in. chord, 100 
mi./hr. normal pressure, at 15° C., the 
corresponding number is 234,000 j 

or for a model of 10 cm chord 40 mis, 
the corresponding number is 274,000. 

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

Oi, Angle of attack. 
E, Angle of downwash. 
Oio, Angle of attack, infinite aspect ratio. 
Oil, Angle of attack, induced. 
Oio, Angle of attack, absolute. 

(Measured from zero lift position .) 
'Y Flight path angle. 
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INCREASING THE AIR CHARGE AND SCAVENGING THE CLEARANCE VOLUME OF 
A COMPRESSION-IGNITION ENGINE 

By J. A. SPANOGLE, C. W. HICKS. aIJd H. H. Fo 'fEn 

SUMMARY 

The object oj the investigation pTesented in this TepoTt 
was to determine the effects oj incTeasing the ail' chaTge 
and scavenging the clearance volume oj a 4- tToke-cycle 
compTession-ignition engine having a veTtical disk jorm 
oj combustion chamber. 

Boosting the inlet-air pressure with normal valve 
timing increased the indicated engine power in propor
tion to the additional air inducted and resulted in 
smoother engine operation with less combustion shock. 

Scavenging the clearance volume by using a valve 
overlap oj 1450 and an inlet-air boost pTessu're oj 
appl'oximately 2H inches oj mercury pl'oduced a net 
increase in performance jor clear exhaust operation oj 
33 percent over that obtained with normal valve timing 
and the same boost pressure. The engine tests indicate 
that, with a large valve overlap, 2}~ inches oj mercury 
boost pressure is sufficient to scavenge completely the 
clearance volume, and that the increa e in engine powel' 
effected by scavenging the clearance volume, jor a con
stant juel quantity, is more than twice what could be 
obtained jrom the additional air charge alone. The 
'improved combustion characteri tics result in lower 
specific juel consumption, and a clearer exhaust. The 
starting and idling characteri tic were not affected by 
variation in boost pres UTe 01' by the u e oj scavenging 
with a lal'ge valve overlap . 

Analy is oj the exhaust oj several compTe sion
ignition engines showed the carbon monoxide gas con
tent to be less than one half oj 1 percent when operatiny 
with a cleal' exhau t. 

INTRODUCTION 

The work of the National Advisory Committee for 
Aeronautic in developing the 4-stroke-eycle compres-
ion-ignition engine for aircraft u e ha been carried 

on chiefly with two different types of the e engines. 
The one type utilizes high velocity of air flow to obtain 
the neces ary mixing of the air and fuel in the com
bu tion chamber, while the other type has no effective 
air flow at the time of the injection of the fuel and the 
fuel itself must be distributed as uniformly as possible 
to obtain the required mixture of air and fuel. 

The latter type of engine with it quiescent com
bustion chamber has been used for a series of tests 
which led to the development f multiple-orifice nozzle 
and verified the proportional-area principle for the 
design of these nozzles as reported in references 1 and 
2. After this work had been completed, attention 
was turned toward increasing the amo Lmt of air 
available for combu tion a a means for increasing the 
power developed. 

It has become accepted practice to increase the 
power output of the spark-ignition aircraft engine by 
boo ting the inlet-air pressure so that the engine will 
induct more charge than would be inducted under 
atmo pheric pressure. The work of Schey and Young 
(reference 3) with a park-ignition engine has shown 
the additional increa e in engine power that may be 
obtained by boosting when u ing a large valve overlap 
to effect better scavenging of the clearance volume. 
They have pointed out that the ratio of the power 
with complete cavenging to that with normal scaveng
ing should be equal to the ratio of the volumes of the 
charge 1'/(1'-1) where l' is the compression ratio . 
This formula how that with an increase in compres
sion ratio the increa e in power to be obtained de
crea es; therefore, it does not seem to offer much 
advantage for the compre sion-ignition engine on a 
omparative basis with the spark-ignition engine. 

However, boo ting the air charge in a compre ion
ignition engine howed better net fuel economy and 
caused the engine to operate with less comb ustion 
hock (reference 4). 

Boo ting a 4- troke compres ion-ignition engine not 
only introduces more air per cycle for supporting 
combustion, but it al 0 reduces the proportional 
amount of residual ga e in the air charge, because 
the amount of re idual ga es carried over i pn1cticaliy 
constant depending upon the exhaust back pressure. 
A the amount of residual ga e left in the combustion 
chamber is affected by a change of valve timing, the 
engine performance was inve tigated both with normal 
valve timing and boosting and also with a large valve 
overlap and boo t pre ures to effect better scavenging 
of the clearance volume. 
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This investigation was conducted during 1931 and 
1932 in the power plants laboratory of the ational 
Advisory Committee for Aeronautics at Langley 
Field, Va. 

APPARATUS AND M ETHODS 

The engine and combustion chamber u ed in the e 
te t are described in references 1 and 2. The com
bustion chamber (fig. 1) is a vertical disk-shaped space 
formed between the valve heads and has a smooth, 
flared orifice connecting this space to the main cylinder. 
The pi ton run within mechanical clearance of the 
cylinder head, insuring the displacement of the air 
charge into the combu tion chamber. For all the 
test data presented in tbis report tbe compression 
ratio was held constant at 12.6. Unless engine speed 

from the individual orifices in a container with a long 
neck shown in figure 2. The sum of the weights of the 
sprays from the individual orifices caught in this way 
was within ± 1 percent of the weight of the sprays from 
all orifices caught simultaneously under the same con
ditions . The areas of the orifices discharging insuffi
cient fuel were increa ed until all spray discharges 
were in the proper ratio. The nozzle as finally u ed 
had two main orifices of 0.020-inch diameter, two inter
mediate orifices of O.Oll -inch diameter, and two out
side orifices of 0.007-inch diameter. The orifices were 
arranged symmetrically about the center line of the 
nozzle with an angle of 25° between adjacent axes. 

With the injection system used for these te ts the 
dm·ation of injection for a fuel quantity of 0.000325 
pound per cycle was 24 crank degrees at 1,500 en~ine 

0, Fuel valve location 

Maximum cylinder 
-- pressure indicator

valve location 

FIGU Hl< i.- Combustion chamber. 

was the variable the speed was held con tant as 1,500 
r.p.m. 

The fuel pump used for the test wa a cam-operated 
plunger pump with a poppet by-pass control. A 
spring-loaded automatic injection valve, set to open 
at 3,000 pounds per square inch, was in talled in the 
top hole of the combustion chamber. The fuel
injection valve nozzle used had six round-hole orifices 
arranged in a plane parallel to the heads of the exhaust 

'and inlet valves. 
Observation of the fuel spray in the atmosphere 

indicated that, as the areas of the orifices were in
creased for the greater discharge area required for 
boosted operation, the flow of fuel from the large main 
orific reduced the effective pressure on the other 
orifice and therefore the fuel distribution did not 
fulfill the requirements outlined in reference 2. This 
lack of proportion was verified by catching sprays 

r.p.m. The fuels u ed were conventional Diesel
engine fuels described in reference 5 a fuels no. 1 and 
no. 2. The injection advance angle was determined by 
noting, with the aid of a Stroborama, the start of fuel 
pray while injecting into the atmosphere. 

Figure 3 shows a flow-area diagram both for the 
normal valve timing and for the valve-overlap timing 
used for the engine tests . The ordinate represent the 
area exposed to gas flow at tbe inner valve seat diam
eters. For the valve-overlap setting the valve heads 
were allowed to run within 0.016 incb of each other at 
the point of closest travel. Till condition allowed as 
nearly as practicable a free path for the cavenging air 
through the combustion chamber. 

Figure 4 is a schematic diagram of tbe apparatu 
used in conducting the tests . A Roots-type blower was 
eparately driven at the required speeds for supplying 

air at pressures up to 10 inches of mercury. A 16-
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cubic-foot tank was connected in the air duct between 
the blower and the engine for damping pulsations. A 
mercury manometer was installed ou the tank [or 
measuring the effective air-charging pre sure. The 

iu boost p reSSllre, but the varia tion for comparative 
tests wa negligible, 

Ga sample were taken at n. point approximately 
5 in ches from the exhaust-valve port under con litions 
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FI GURE 2.-JI pparatus for catching sprays from indi vidual orifices of a mulLiorifice FIGU RE 3.-Comparison of val ve time-area diagrams with overlaps of 15° and 145°. 
nozzle. 

Irngth of Lhe air du e l. b tween t he tnok and thc eng ine 
was J'rdlI 'ed to 15 [Il chrs Lo minimize the induction
wave efrec L. A revo lu tion co un ter opera ted through an 
cloctl'o-magnetic clutch was llsed to record th e blower 

/----1:~::: 

H., 

: c : , ' L ___ ____ J 

G 

o[ varin ble-fu el qunn ti ty, wiLh au d wit.hout, valve 
overl ap a nd wiLh and withou L boosL pre LU- . A steel 
tubc wa u ed for co nducting t be ga es to a sampling 
bottle. A modified Or at gas-an alysis apparatus 

J1"' IG URE 4.- DiagrammaLic representation or air system . 

. 1, \ ir duct 5" diamoter, 1.," long. B, E.\haust stack, 5" long: 3" diameter section , 2' "; cction 2' 4" tapers to 1 ~i''' diameter. C, jl~~ haust lrencb. il, l'Ia· 
IIOII ([' t t' r. g , ~ l o to r. P. Roots-typo hlowcr. G, urge ta nk, 16 cu. fL. capacity. H , Tapered section, perforated. r, ' r est ellgillc. J , 'l' h rmometer. K, Water sprayer . 

revolutions during a te t run. lip- peed data taken 
over a range of speeds enabled calculations to be made 
for determining the ail' quantitie - delivered to the 
engine. The air temperat.me and barometric pres me 
were u ed for dete rmining air weight. The air tem
peratures Wf're not controllable and the temperature 
increased approximately 40° F. ror a maximum in crease 

723-33--2 

(reference 6) wa u ed for analyzing the samples of 
exhau t ga . 

For all condition of engine operation the injection 
advance angle wa increa ed until a light permissible 
knock was h eard or until the maximum cylinder pres
su re ren,ched 900 po u nd pOl' Cf li are inch as recorded 
by a modified Fa I'llboro inciicaLor. The limit of al-
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lowable injection nel vance angle a judged from the 
sound of the engine \Va u uall}' about 2° 01' 3° greater 
than the earliest advance angle at which no knock 
could be heard . 

The exhaust ga I' were observed during the engine 
te ts through a peephole located in the exhau t mani
fold about 11 inches from the exhaust-valve port. 
The limit of the clear-exhau t rano-e, as used in the 
di Cll ion, \\~ n that marked by the fir t appearance of 
short fia h of flame or of a light haze. 

The maximulll cylinder pre mes were obtained from 
the readings of a trapped-pre 'sme indicator 11 nd 
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checked at intervals by a modified Farnboro indicator. 
The t;rapped-pres ure reading are 10 to 70 pound per 
square inch lower than the Farnboro readings. 

All performance data shown in thi paper arc pre
sen ted on ,1 net ba is by subtracting the power re
quil'(>cl by the blower. Unle otherwi e staled, nil 
comparative data were obtained under comparnble 
engine operating condition. 

RESULTS A D DISCUSSIO 

Because of the aece 'ory equipment driven by tbis 
single-cylinder Lest unit, tile mechanical efficiency is 

II'S than that obtained by a multicylindel' engine. 
The mechanical efficiellcy of tIllS engine calculated 
for full-load operation with no excess air is It follows: 
77.0 percent for no boost and no valve overlap, 77.6 
percent net for 8%, inches of mercury boost and no 
valve overlap, 7 .6 percent for no boost and with valve 
overlap, and 82.0 percent for 6X inches of mercury 
boost and with valve overlap. 

Figure 5 how the effect of boostino- a compression
ignition engine with normal valve timing. The curve 
how that the o-['os brake mean effective pressure 

when boosting i equal to the unboosted value for the 
small fuel quantitie. The net brake mean effective 
pre ure, when boo tino-, is Ie s than when unboosted 
for small fuel quantitie but greater for all fuel quan
titie above 0.00025 pound per cycle. TIll fuel 
quantity corresponds to an excess air quantity of 30 
percent for the normal engine. It ba' been found from 
the results of many test that additional air increa e 
the brake performance of the normal engine only when 
the engine is operated over a range of excess air from 
o to 30 percent. Exce s fLl I does not improve engine 
performance but may decrease the rate-of-pre SLlre 
ri e. It would appeal' from the data for indicated 
mean efl'ective preSS llre that boo ting an engine using 
normal valve timing increases the capacity of the 
engine and that the increase in indicated engine power 
is proportional to the additional amount of air inducted 
for a condition of approximately full-load operation. 
The balanced-diaphragm maximum-cylinder-pressure 
indicator hows that the difference in maximum cylin
der pres UTe b tween individual cycles become con
siderably Ie s when the engine is hoo ted. Th engine 
operation becomes smoother with Ie scorn bllstion 
hock for boost el COllru tions. IthoLlgh these resul(,s 

were obtained from tests at a compres ion ratio of 
12.6, they should be true for other compres ion ratios 
except where other factors may have a greater influ
ence on the eno-ine operation. 'When boo ting the air 
charge of a normally timed engine the proportional 
amount of re idual ga es in the fresh charge decreasE's 
and, a will be eli cu eel later, the e o-a es have an 
effect on the combustion cbaracteristic . 

Figure 6 shows the increase in engine performance 
with clear exhaust obtained by scavenging the com
bustion chamber. At zero boost pressure there is 
an increase in brake mean effective pressure and a 
decrease in fuel con umption when cavenging, even 
though the weight of ai.r recei.ved by the engine is 
Ie s than when u ing normal valve timing. This 
increase in brake mean effective pressure show that 
the combu tion characteri tic are improved by tll 
removal of the re idual ga es. The clear-exhaust 
performance for the large valve overlap increases 
very rapidly up to 2):; incIte of mercury boost pressure 
and thon lncrea es very lowly for further boo t 
pre sure. Thus it may be concluded that at 2% inehe 
of mercllry boo t pre sure the combustion chamber is 
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practically completely scavenged of re idual ga e 
and any further increase in performance is due to 
the additional air that can be trapped in the cylinder 
as the induction pressure is increased. The recorded 
compression pressures for scavenging operation show 
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lower values than for normal operation for all boost 
pressures, probably as a re ult of a decrease in the 
air retained in thc cylinder and of a loss of the heat 
carried by the residual gas . 

It should be noted that a,' the boo t pres ure i 
increased the brake mean efIective pressure with 
clear exhaust and normal valve timing approaches 
that obtained with valve overlap, and at some high 
boost pressure would probably equal the brake mean 
effective pressure with valve overlap. This condi
tion is brought about mainly by the improved com
bustion characteristics caused by the decreasing pro
portional amount of residual gases. As the boost 
pressure increases, there is inducted an increa ingly 
greater air charge, and a the weight of re idual 
gases is dependent upon the exhaust back pressure, 
they remain practically constant and become a pro
portionally maIler part of the new charge in the 
cylinder. This decreased efl'ect of the residual ga es 
for a boo t condition is proba bly responsible to a 

large degree for the smoother engine operation noted 
in the previous di cussion. 

The compression-ignition engine always has a large 
exce of air available when starting or idling and 
the use of valve overlap does not r equire any special 
arrangements or apparatus for maintaining a proper 
mLxture ratio. In the course of these tests the start

. ing and idling characteristics of the engine were 
quite satisfactory and no difference could be de-
tected between starting or idling with normal valve 
timing and with valve overlap. Th e variation in 
boost pressure, as could be expected, had no effect 
on either starting or idling. 

Exhaust-gas analysis has shown that with clear 
exhaust operation and normal valve timing the 
compres ion-ignition engine has less than one half 
of 1 percent carbon monoxide gas in the exhaust. 
During a te t with the large valve overlap and a 
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medium boo t pressure enough exces fuel was in
jected to show excessive smoke and flame in the 
exhaust, but the exhaust-gas analysis showed only 
three quarters of 1 percen t carbon monoxide gas. 

Figure 7 hows the effect of cavenging the com
bustion chamber by u ing 145 0 valve overlap and 
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6X inches of bOOilt pressure for variable-fuel quantity. 
The unboosted performance and the net performance 
for 8% inches of boost pressure obtained with normal 
valve timing are shown in comparison with the 
scavenged net performance. It should be noted that 
the scavenged performance i better than the un-

45 

I . I I I I I 
x 6/{,m.Hq boosf press. 
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+ 8%in.Hq boosf press . 

no valve overlap 
0 No boost press. 
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FIGURE 8.-EITect of fuel quantity at diITerent boost pressures 00 thermal effi· 
ciency (speecl l ,500 r .p.m.) . 

scavenged performance for all fuel quantities. Figure 
8 hows the net brake thermal efficiencies for these 
data. 

Figure 9 shows the comparative engine performance 
for variable-fuel quantity both for normal valve timing 
and valve-overlap timing when no boost pressure is 
used. The increase in engine performance for a 
scavenged condition is effective over the entire fuel 
range even though there is les air trapped in the cylin
der when u ing va.lve overlap as shown by the data for 
/101'0 boost pressure in figure 8. The increase in th e 
indicated mean cfI'ective pressure for all points, includ
inO' the mall fuel quantities where the excess air in 
the combustion chamber is more than '30 percent, 
indicates quite definitely that the combustion charac
teristics are improved when some of the residual gases 
are removed. The inj ection advance angle used was 
18° for both the normal valve timing and for the valve
overlap data shown on this figure. 

Figure 10 show the effect of speed on engine per
formance with a boost pressme of 3 inches of mercury, 
a valve overlap of 145°, and clear exhaust. For each 
speed the maximum inj ection advance angle for smooth 
operation was used, and this limitation made it neces
sary to retard the advance angle as the speed of the 
engine was reduced. The fuel quantity wa increased 
to the maximum that would allow clear exhaust for 
each engine speed and the fuel quantity varied from 
0.000256 to 0.000280 pound per cycle. For all practi
cal purpo es the fuel quantity could have been held 
constant and then the brake-horsepower curve would 
have been practically a straight line. The brake mean 
effective pressure remained fairly con tant over the 
range of peeds, as did the fuel economy. The brake 

thermal efficiency of this engine lor the entire peed 
range was between 29 and 33 percent and the indicated 
thermal efficiency varied from 33.7 to 40.2 percent. 

In figure 11 are shown data taken under conditions 
imulating propeller load when operating the engine 

with the large valve overlap and a boost pressure 
comparable with the pressure from a Roots-type 
blower driven directly from the engine. The blower 
u ed was oversize for the ingle-cylinder engine and 
it wa only necessary to drive it at one third engine 
speed. In accordance with the output of a suitably 
ized and geared blower the boost pres mes were 

increased linearly from 3% inches of mercury at an 
engine speed of 900 r.p.m. to 6% inches of mercury at 
1,700 r.p.m. When making the propeller-load run, 
the full-load rating of the engine was arbitrarily taken 
to be 3 brake horsepower at 1,700 r.p.m. At this 
ra ting there was a mall amount of smoke and flame 
present in the exhaust. The exhaust was clear for the 
peeds less than 1,600 r .p.m., which indicates efficient 

operation in the cruising range. For a range of speeds 
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from 1,600 r.p.m. to 1,100 r.p .m the fu el cons umption is 
between 0.47 and 0.435 pound pel' brake horsepower 
per hour. The flatness of the fuel-economy curve for 
variable peed indicates the desirability of this type of 
engine operation for aircraft. In order not to exceed 
an allowable knock, it wa nece ary to retard the 



I CREASI G THE AIR CHARGE OF A COMPRESSION-IGNITIO ENG! E 9 

30 

o 

~ 800 
Ill' 
I...,S; 700 
Q(j. 

-"':\1) 

~~600 
-,( .... 
~ 500 

.8 

o 

-

r--l-

c--V 

V 

V 
)--J--

600 

- t-

f- t-

V 
V v 

--
/'" 

/ 

V 
,...----

800 

V V 
,./ V 

V 

V-I----
V-

!>--" ---V 

j 
V b .hp 

-

b.m.e.p. 

M.C.f' 

>- -l 
I.o.b. 

F·r 

/600 /800 

inj ection advance angle for reduced speeds as 
in the other variable-speed tests, but to a lesser 
degree, owing to the reduction in fuel quantity 
for the reduced speed. 

The friction mean effective pressures as af
fected by speed, boost pressures, and valve over
lap are hown in figure 12. The values shown 
are for the engine alone, as the blower was sep
al'ately driven. Practically no difference is ob
servable between the friction mean effective 
pressures for normal valve timing and for the 
large valve overlap. Boosting the inlet pre -
sure decreases the friction mean effective pres
SUTe because the induction air does work on the 
piston. If the blower were geared dixectly to 
the engine shaft, the values shown would of 
course be increased by the amount of mean 
effective pressure required to drive the blower. 
For example, at 1,500 r.p.m. and % inches of 
mercury boost, the friction mean effective pres
sme would be 36 pounds per square inch instead 
of 27. 

Figure 13 shows an indicator card taken with 
the Farnboro indicator while obtaining the data 
for figme 6. The performance values are 143.5 
pounds per square inch indicated mean effective 
pressure, 111 pounds per square inch net brake 

FIGURE 10.-EiIect of engine speed on performance witb clear exhanst (1450 va lve overlap, 3 
inches ilg bo03t pressnre). mean effective preSSlll'e, and a net specific fuel 
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consumption of 0.407 pOlmd per brake horsepower per 
hour with a clear exhanst, The boost pressme was 6X 
inches of mercmy and the valve overlap 145°. The 
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FIGURE 12.-E tTcct of speed, boost pressure, and valve timingon Lm.e.p. 

multiplicity of points on th e indicator card shows the 
large number of engine cycles used for recording this 
pressure-time diagram and the small dispersion of the 
points indicates the regularity and consistency with 
which the pressure cycle repeated itself when the 
engine was operating with boosting and valve overlap. 

It may be noted that for 3 inches of boost pressure 
and 1,500 l'.p.m. the brake mean effective pressure on 
figure 10 is 106 pounds per square inch; whereas for 
the same boost pressure and speed, 112 pounds per 
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square inch is shown on figure 6. The difference i 
due principally to the use of two different fuels and 
the difl'erent fuel quantities con idered to give clear 
exhaust. The fuels are noted a no. 1 and no. 2 in 
reference 5. Fuel no. 1 has a longer ignition lag and. 
therefo~'e a faster rate-of-pres ur rise and a greater 
tendency to lmock than fuel no. 2. Ob ervations of 
engine power and in p ction of the exhau t show that 
both fuel will carry the same load with practically 
clear exhau t up to Dame start, but with fuel no. 2 a 
haze precedes the start of flame as hown in figure 11. 
The appearance of this haze may be accounted for by 
the shorter ignition 111.0" of the fuel and the correspond
ingly earlier occurrence of high temperatures due to 
combu tion, which would cause some of the fuel from 
the latter part of the injection to pa s through regions 
of high temperature, and probably cau e the formation 
of free carbon particle. This early occurrence of high 
temperatures would al 0 tend to reduce the penetra
tion and prevent some fuel from reaching sufficient 
air for combu tion. 

Indicator card taken during the variable- peed 
tests howed that the rate-oI-pre ure ri e in pound 
per degree of crank travel decrea ed as the engine 
speed wa increased. At 1,700 r.p.m. there was prac
tically no audible Imock. Although it was not deemed 
advisable to operate the single-cylinder te t engine at 
higher peed, there wa nothing in the fuel ystem or 
engine combu tion characteristics to indicate that 
speeds higher than 1,700 r.p.m. could not be used to 
advantage. 

In view of the cooling eO'ects that result from scav
enging the combu tion chamber with fre h air and the 
improved combu tion characteri tic resulting from 
the removal of the re idual ga e , it was considered 
advisable to investigate the heat 10 to the cooling 
system under condition of normal valve timing and for 
caveno-ing conditions when u ing valve overlap. It 

was found that with normal valve timing the heat 10 s 
to the coolant wa 17.0 percent of the total heat of the 
fuel, and by using the large valve overlap and a cav
enging pre Sllre of 3}~ inches of mercury thi heat 10 
was not materially reduced. 

All the te t data herein reported were obtained at a 
compression ratio of 12.6 but, for purposes of deter
mining the optimum available compre ion ratio, com
parative test were made at a compre ion ratio of 15.0. 
rt was found that at the high compre ion ratio it wa 
not practicable to boost with normal valve timing, for 
the reduction in ignition lag reduced the permis ible 
injection advance angle to a point where good di tri
bution of the fuel throughout the air charge was not 
possible in the time available, and the exhau t became 
hazy for reasons previoll ly stated. The use of a large 

valve overlap allowed smoother boo ted operation at 
the high compre ion ratio than the normal valve 
timing but, with either, the high compression pre sures 
call ed the maximum cylinder pre LU'es to be rai ed 
from 150 to 200 pounds per squn,re inch higher than at 
the lower ompre ion ratio, and the resultant engine 
performance wa not a good. For be t engine opera
tion the injection advance angle wa increased to a 
point where the indicator card howed the cylinder 
pressure breaking away from the compre ion line 
ahead of top center. For the compres ion ratio of 
15.0 the injection advance angle was nece arily re
tarded below that u ed at the lower compression ratio 
and, for a full-load fuel quantity and with optimum 
injection advance angle, the maximum cylinder pre -
ure for the compre ion ratio wa 1,000 pounds per 

square inch. 
The better engine performance at the 12.6 compre -

sion ratio indicates that a range of compre sion ratios 
should be investigated so as to establish the most ad
vantageous balance between the requirements for fav
orable combu tion characteri tic and the requirements 
for proper formation of the nece ary mi'{tur~ of fuel 
and air. 

CO CLUSIONS 

Boo ting the air charge of a high-speed 4-stroke
cycle compres ion-ignition engine without removing 
the residual gases tends to make the engine operation 
smoother, and for a vertical disk form of combu tion 
chamber operated at a compression ratio of 12.6 the 
indicated mean effective preSSUTe is increased in pro
portion to the additional air inducted. 

Removing the re idual gil. es from the clearance vol
ume of a compre ion-ignition engine improve the 
combu tion characteristics, re ult in decreased spe
cific fuel con umption, and permits operating at 
higher fuel quantitie with a clear exhaust. 

The 1'e idual ga e can be removed efficiently from 
the clearance volume of a high- peed, 4- troke-cycle 
compression-ignition engine by u ing a valve overlap 
df 145 0 and a pressur difference of from 2 to 5 inche of 
mercury acro s the inlet and exhaust ports. 

The increase in engine power effected by cavenging 
the combu tion chamber of a compression-ignition 
engine i greater than the increase that can theoreti
cally be obtained by adding additional air equivalent 
to the replacement volume of exhau t gases. 

The starting and idling characteristics of a compres
ion-ignition engine are not affected either by boosting 

or by scavenging \vith a large valve overlap. 
The operation of thi engine at a compression ratio 

of 15 at hiO"h scavenging pres ure wa un atisfactory 
becau e of inferior performance and higher maximum 
cylinder preSSLU'e . 
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The percentage of carbon monoxide ga in the ex
haust of a compre sion-ignition engine when operating 
with a clear exhaust is less than one half of 1 percent. 

LANGLEY MEMORIAL AERONAUTICAL LABORATORY, 

NATIONAL ADVISORY COMMITTEE FOR AERONAU TI CS, 

LA GLEY FIELD, V A., June 10,1933. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

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

LongitudinaL __ X X rolling _____ L 
LateraL _______ y y pitching ____ M 
NormaL ______ Z Z yawing _____ N 

Absolute coefficients of moment 
L M N 

0, = qbS Om = qcS On. = qbS 

axis) 

y-----> Z roll ______ 
cJ> u P 

Z-----> X pitch _____ () v q 
X-----> Y yaw _____ of w r 

Angle of set of control surface (relative to neu
tral position), o. (Indicate surface by proper 
subscript.) 

4. PROPELLER SYMBOLS 

D, 
p, 
p/D, 
V', 
V., 

T, 

Q, 

Diameter. 
Geometric pitch. 
Pitch ratio. 
Inflow velocity. 
Slipstream velocity. 

Thrust, absolute coefficient OT= ~D4 
pn 

Torque, absolute coefficient OQ= 9D5 
pn 

P, Power, absolute coefficient Op= fD6' 
pn 

6/pV6 
Speed power coefficient = -V Pnz · 

Efficiency. 
n, Revolutions per second, T. p. s. 

Effective helix angle = tan-l (2:rn) 

5. NUMERICAL RELATIONS 

1 hp. =76.04 kg/m/s=550 lb./ft./sec. 
1 kg/m/s=0.01315 hp. 
1 mi./hr. = 0.44704 m/s 
1 m/s = 2.23693 mi./hr. 

1 lb. = 0.4535924277 kg. 
1 kg=2.2046224 lb. 
1 mi. =1609.35 m=5280 ft. 
1 m=3.2808333 ft. 




