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REPORT No. 401 

COMBUSTION IN A HIGH-SPEED COMPRESSION-IGNITION ENGINE 
By A. M. ROTHROCK 

SUMMARY 

An investigation, conducted by the National Advisory 
Committee fol' Aeronautics, to determine the factors which 
control the combustion in a high-speed compression-igni
tion engine is presented. I ndicator cards were taken with 
the Farnboro indicator and analyzed according to the tan
gent method devised by Schweitzer. The analysis shows 
that in a quiescent combustion chamber increasing the time 
lag oj autoignition increases the combustion efficiency 
oj the engine and also increases the maximum rate oj 
combustion. Increasing the maximum rate oj com
bustion increases the tendency jor detonation to occur. 
The results show that by increasing the ail' temperature 
during injection the start of combustion can be jorced 
to take place during injection and so prevent detonation 
from occurring. It is shown that the rate oj fuel injection 
does not in itself control the rate oj combustion. 

INTRODUCTION 

During the last few years the development of the 
high-speed compression-ignition engine has resulted 
in the production of several commercial types. There 
are at present two compression-ignition engines for 
aircraft use, the Packard and the Junker, which 
have passed 50-hour Govel'nment tests. There are, 
in addition, several engines in the experimental tage. 
The development of the engines has been fraught with 
many difficulties. It is encouraging to realize that 
these difficulties are being overcome. The succe sful 
metering and injecting of extremely small quantities 
of fuel was realized with the introduction of the direct 
injection fuel pump. In fact, the development of the 
pump has reached such a stage that there is consider
able interest being shown in the practicability of 
substituting the pump for the carburetor on spark
ignition aircraft engines. 

The hardest problem to solve in the development of 
the high-speed compression-ignition engine for air
craft has been that of mixing and burning the fuel and 
air. Recent results in thi country, in Germany, and 
in England have shown that methods for forming a 
good combustible mixture are being worked out. 
The results have been shown in the low fuel consump
tions that have been obtained with aircraft com
pression-ignition engines. However, all the air in the 
combustion chamber has not been utilized. The 
present high-speed compression-ignition engine burns 

only 70 to 0 per cent of the available air in the com
bustion space. 

Summarizing the present-day results for aircraft 
engines: The fuel consumption of the compression
ignition engine is apprm.:1.mately 0.40 pounds per 
horsepower-hour compared with 0.55 pound per horse
power-hour for the spark-ignition engine; the brake 
mean effective pressure of the compression-ignited 
engine is approximately 95 pounds per square inch 
compared with 130 pounds per squal'e inch for the 
spark-ignition engine. We can conclude, therefore, 
that the compression-ignition engine, because of its 
high cycle efficiency, gives fuel consumptions superior 
to the spark-ignition engine; but that, because all the 
air in the combustion chamber of the compression
ignition engine is not utilized, the power delivered by 
a compression-ignition is less than the power delivered 
by the spark-ignition engine of the same displacement. 
The problem resolves itself, therefore, into one of 
obtaining better mixing and burning of the fuel and 
air in the combustion chamber of the compression
ignition engine. 

D uring an investigation conducted at the Langley 
Memorial Aeronautical Laboratory at Langley Field, 
Va., on the c(]'ect of injection valve and injection 
nozzle design on engine performance, indicator card 
were obtained for various engine-operating conditions. 
From the interpretation of the e cards, much can be 
learned of the combu tion process and of the factors 
which con trol the combu Lion process in the high
speed com pre sion-ignition engine suitable for aircraft 
ervice. It i the purpose of this report to present 

such an analy is and, in addition, the conclusions that 
can be drawn from the analy i relative to the process 
of combu tion. 

APPARATUS 

The indicator card were obtained from an N. A. 
C. A. niversal test engine (reference 1) operated 
a a compre ion-ignition engine. The engine had a 
bore of 5 inches, a stroke of 7 inches, and a compression 
ratio of 12.6: 1. All tests were made at an engine 
speed of 1,500 1'. p. m. The combustion chamber of 
the engine (fig. 1) wa of the vertical-disk form. It 
\Va so de igned that the air flow in it produced by the 
motion of the pi ton was negligible. The mixing of the 
fuel and the air wa obtained by proportioning the 
orifices in the discharge nozzle so that all the air in the 

3 



I 

4 REPOR'!, . A'I'IO AL ADVIS RY COMMI'l"l'EE FOR AERONAUTICS 

chumber was prved by the fu el jet issuing from the 
multiorifice di charge nozzle. The tests conducted to 
obtain the performance of the engine with different 
nozzle design have been de cribed by panogle and 
Foster. (R eferences 2 and 3.) An N. A. C. A. 
Roots blower (reference 4) wa used to upply air at 
pre ures greater than atmo pheric pressure. These 
te t have been de cribed by p anogle and Fo tel' in 
r eference 5. For one series of te ts an inj ection v alve 
containing two stems wa employed. The purpose of 
thi valve was to give an initial inj ection of fu el to cer
tain par ts of the combu tion chamber before the main 
injection to the remaining par ts of the ch amber . The 
tests with this inj ection valve have been described by 
Spanogle and VI hi tney in reference 6. 

The indicaLor card were obtained wiLh Lh Farn
boro indicator a altered by the taB: of Lhe Langley 
Memorial Aeronautical .L aboratory . (R eference 7.) 

f'u I valve location .I 

~~~ .. Pressure-indlcator 
~ valve locat ion 

FIG URE I.- N. A. C. A. vertical disk combustion cbamber 

The method by which the r ate of fuel di charge from 
the injection valve in to the atmosphere wa deter
mined has been described in reference The total 
fuel quantity determined by thi m ethod wa in every 
case greater than th e amount inj ected into the com
hu tion chamber of the engine for the same inj ec tion 
pump and injection valve etting. This decrepaney 
can be partly accoun ted for by the higher pre sures into 
which the fuel was discharged when the inj ection valve 
wa mounted in the engine. Th rate of fuel dis
charged shown on the figures are in every ca e the rate 
obtained with the inj ection valve di chargina- into the 
atmo phere. For computing the variOll fFi ciencies of 
L1H' pngine thC' totftl furl quantity art,ll ally disch ftrged 
inLo the ngi nC' was used . 

METHOD OF A ALYZI G THE I DT ATOR ARDS 

The indicator card were analyzed according to the 
Jne(,h d devi ec\ by ch\ eiLz r . (R efel'en c 9. ) A, 
Schwritzer has shown , the rate or heat input 1, or ou L
pu L from t,he gaRPR in t,h e rnginr can 1w expre RPd by 
th(' relAtionship 

dQ= 'J 0(Cp +.E dP) 
Iv 1 R C v p dv (1) 

in which-

d
dQ = the rate of heat change with re pect to volum e. 

11 

p = the instantaneous pre ure at the in tantaneous 
volume v lmder consideration. 

Cp = the pecific heat at con tant pres ure. 
c.= the pecific heat at constant volume. 
R = the universal gil. con tanto 
chweitzer has also shown that thi equation can be 

simplified into-

Cp +~ ~E 
dQ c , pdv -=-- p 
dv cP _ 1 c , 

(2) 

in which the dim en ions of dQ arc L .kI; Lhat is, ir v i. 
in units of cubic inch sand p in uniLs of pOLwds 1 er 
square inch, dQ is in units of pound inehe. Equation 
(2) eliminates the necessity of computing R. 

Equation (2) can b changed into 

in which () is in crankshaft degrees. Using 

Schweitzer's method ~ ddP can be determined 
17 v 

directly fromt he p-v diaa-ram. the pi ton 
approaches top center the tangents drawn to 
the p-v cmve have such a slope that the ac_ 
curacy with whi h they can be drawn i not 

sufficient for the analysis of the curve. In thi range, 

therefore, equation (3) is used, a ~~ is Ie than : . 

For the usc of equation (3) the p-v diagram is trans
rerred to a p- t diagram in which the time i expr ssed 
a crank degrees. 

In the u e of either equation all the quantitie ar e 
obtain d directly from the indicator card and the di
mensions of the engine with the exception of Cp and C •. 

The value of the specific heats change according to 
both the constituent in the combu tion chamber and 
the temperature in the chamber. The temperatur 
range met wi th in the test, the re ults of which arc 
presented in Lhis repo rL, was [rom approxi mately 
1,300° F. absolute to 3,000° F. a.bso lu te. The equa
tion. ror the efl'ed of LrmperaLurc on Lhe peC'ific heats 
of the variou ga'e' havp bern givrn by Gooclpnough 
and Felbpck. (R eferenc e 10.) 

In the analysis appl'oxim a Lions were use 1 fron time 
Lo Lime. Th oRe approximations con iderably shortened 
Lh e fll1alysis and were in all cases wiLhin the experi
mental error. It i wpH Lo emphasize at this time that 
the purpo, e of thi analy is is not to find absolute 
values but to learn th main Iactor which efl'ect the 
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combustion process in the comb ustion chamber of the 
high-speed compression-igni tion engine. In deter-

mining the values of C P the actual temperatures were c. 

not determined, since the rate of variation of S> in the 
C. 

range included in the investigation was too slight to 

warrant computation of ~: at each point in the cycle. 

Instead, the values were determined for the maximum 
temperature and for the temperatures at the end of 
compression and the end of expansion points. On the 
p-v diagram a straight-line relationship wa a umed 

between the value of S! at the maximum temperature c. 

and the "alue' of C
p at the nd of compres ion and the 

Cr 

end of cxpall'ion. It was as-'um ed that in all ca e 
there was] 00 per cen L cxces ail' in the cylinder at all 
times and Lhe specific heats computed for thi condi
Lion . For a more complete di cussion of the possible 
error arising in the analysis the reader is refe1'l'ed to 
Schweitzer's original paper. (Reference g.) 

After the rate of heat input was determined from 
equations (2) or (3 ) thc rate of fuel burned was 
determined by computing the amount of fuel neces
sary to liberate the energy at the rate of heat input. 
The lower heating value of 1 ,300 B. t. u. p r pound of 
fuel wa used for thi pm'po . From t he rat -of -fuel
burned curve the total amoLmt of fuel burned, dis
regarding heat 10 se ,wa obtained. The ratio of the 
total amount of fuel burned to the total amolmt of 
fuel injected is the combustion efficiency of the engine. 
The ratio of the total amount of energy expended on 
the piston to the lotal amoLlnt of energy liberated 
from the fuel bum d is the cycle effieiency of the 
engine. The product of the cycle e(ficielley and the 
combustion cffic.iency is the thc rma1 dfic.ienc.y of the 
engine. The total amount of energy expended on the 
piston and the indicated mean efl'ecti \'(' press lire were 
obtained from the p-v diagram. The Yllriation of the 
indicated mean effecLive preSSllre obtained from the 
diagram from the indicated mean effective pre ure 
obtained by adding the brake mean effective pre sW'e 
to the friction mean effective pressure was, in general, 
not more than 5 per cent. 

PRECISIO OF RESULTS 

The preci ion of the results depend upon the accu
racy with which the pres m e-time curve can be drawn 
from the point on the indicator card taken with the 
Farnboro indicator and the aCClU'acy with which the 
tangents to the curve can be drawn. Figure 2 show 
a contact print of the original card from which the 
data shown in Figure 17 were obtained. The points 
show the deviation of the pre nre in the engine from 
cycle to cycle, The compres ion line show li ttle 
variation. The points recorded during the combu -

tion process show an appreciable deviation [rom the 
mean values. For thi section of the card the curve 
was drawn to obtain average value. With this 
particular record two contact prints were made and 
the curves were drawn on them. To prevent the 
pos ibility of the econd ard being drawn in part from 
memOl'y the curve on the second card was drawn 
several days after that on the first. The data from 
the curves were tabulated and drawn on a p-v diagram. 
(Fig. 3.) The deviation becomes noticeable on the 
explo ion curve and on the latter part of the expansion 
curve, The two p-v diagram were then analyzed 
with the results shown on the figure. 

Figure 4 shows the rates of combustion for the two 
p- v diagram shown in Figure 3. The variation be
comes noticeable at the maximum rates of buming and 
again during the period of after bUl'11ing. The final 
1'e ul ts from the two diagrams are as follows : 

Indi cated 
mea D 

effecti" e 
pressure b~~oe~d 
lrom card 
(pounds (pouod) 

per quare 
ioch) 

~;~~' ~~S: Cyele el- Thermal 
ciency HCleDcy CffiCICDCY 

(per cent) (per cen t.) (per cent) 

1-------- ------ ---------
c _ _ ____ _ 152 0. 000302 70. 3 40. 5 28.4 
C/ .~_ _ ____ ___ _ _ __ 152 .000288 (;7. 0 42.5 28.4 
M eao__________ _ ___ _ _ 152 .000295 68.7 41. 5 28.4 
Maximum deviation, per 

0 5 5 oS - - --ceoL ______ __ ----- ____ I 
~----~----~----~----~---

I 
from which it can be concluded that the preCl lOn IS 

ufficient 1'01' the present analysis. 
Figure 5 hows the compari on of rates of combus

tion determined from equations (2) and (3) . The 
figUl'e hows that the u e o[ either eq uation gives pre-

Cl' e l'e L· It h th ' " . clp dp t u ,,- en e quanv[Lle d,' or de are no 

exee lye. 

ACCURA Y OF EXPERIME TAL RESULTS 

The aeCUl'acy of the experimental results can be es ti
mated hom a ('om pari on with the resul ts 01' theoreti
caIre earches on the cyde of Lhe internal-combustion 
engine. Con ider the re ul ts pre en ted in Figure 14 . 
The air charg taken into the cylinder was 0.00618 
pound. (R eference 5.) A ume that the fuel burned 
from 100 before top center to 100 after top center 
burned at con tant volwne, and that the remainder of 
the fuel bUl'ned at con tant pre me. The fuel bU1'lled 
at constant volume wa 0.000105 pound and the fuel 
burned at constant pres nre wa 0.000137 pound. 
Following the general method given by Ellenwood, 
Evan, and Chwang (reference 11 ), the cycle effi
ciency, indicated mean effective pres nre , and the 
indicator card were computed. The computed value 
are compared with the experimental values in Figure 
6. The compre sion curves show little variation . 
The maximum cylinder pre SlU'e show an appreciable 
deviation. During the 100 revolution of the crank 
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COMBUSTION IN A HIGH- SPEED COMPRESSIO -IGNITION ENGINE 7 

after top center the volume in the cylinder increased 
10 per cent. If the maximum computed cylinder 
pressure is corrected for this increase in volume, the 
value becomes 950 pounds per square inch, which com
pares favorably with the experimentally determined 
value of 930 pound per square inch. The analysis 
shows that the fuel in the cylinder continued to bum 
until 60° after top center, corresponding to a stroke of 
2 inches. The end of combustion on the theoretical 
card occurs at a stroke of 0.25 inch . Consequen tly, 
the experimentally determined indicator card shows a 
less rapid rate of pressure drop between top center 
and the stroke of 2 inches. After this point the slope 

eoo 
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to the con tant-volume cycle and then according to a 
cycle employing neither constant volume nor constant 
pre sure. The cycle efficiency of the engine increases 
as the amount of fuel burned at constant volume is 
increased. However, increasing the amount of fuel 
burned at constant volume increases the tendency for 
detonation. In addition, the high maximum cylinder 
pressures encountered in the constant-volume cycle 
w crease the stresses on the engine. Just how much 
the weight of the engine must be increased because of 
these high cylinder pre SUf(~S i not known. The late 
Capt. L. M. Woolson has shown how, by ingenious 
design, these increased stresses may be withstood 
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F IGVRE 3.- Precision of tangent method of analysis 

of the curve becomes quite similar. The higher pres
sure on the experimental card at the end of the stroke 
indicates that there was more energy 10 t to the ex
haust gases than the cycle efficiency indicate. The 
higher indicated mean effective preSSUl'e on the actual 
card also indicates that the total fuel quantity burned 
was greater than the computations show. However, 
the difference in the indicated mean effective pres
sures (6 per cent) is not sufficient to affect the pre enl 
analysis. The errors in the computations are partly 
caused by the values cho en for the pecific heats and 
by the fact that the analysis does not consider the 
change in constituents of the gases during combustion. 

Figure 6 shows that the combustion process in mod
ern high-speed compression-ignition engines doe not 
follow the constant-pressure cycle upon which Die el 
based the design of his original engine. In general, 
the combustion first proceeds approximately according 

without increa ing the weight of ~he engine to any 
O'Teat extent. 

ANALYSIS 

The ignition of the fuel drops in air has been in
vestigated in this cOlmtry, in England, and in Ger
many. Te ts with constant-pressure bomb have 
been conducted to mea ure both the iO'nition .tempera
ture and the ignition lag. The early result gave 
ignition lags in excess of those obtained in the engine. 
The most recent results of Bir'd (reference 12) have, 
however, given lag as Iowa 0.004 second. The ex
perirnentally determined ignition temperatures have 
shown considerable variation, depending on the ap
paratus u ed. Bridgeman and Marvin (reference 13) 
have O'iven a comparison of the result obtained by 
several investigators. Bridgeman and Marvin con
cluded that "There is a different self-ignition tempera-
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ture for every experimental apparatus and procedure." 
They also tate that the true elf-ignition tempera
tW'e of the fuel i a l'undamental property of the fuel 
and dep Dd nt only upon the total pres ure and con
centration. They define thi true iO'nition tempera
tme as "the minimum temperature which mu t be 
reached by in tantaneou heating of an element of 
volume within a homogeneous combustible mixture 
to initiate inOanunaLion or explo ion in Lantaneou 1y." 
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This true elf-igniLion temp rature can noL bc de
Lermined dircctly by experiment, and it i doubtful 
whether for eompr s ion-ignition englne research It is 
nece ary to determine il. 

In addition Lo the iO'nitioll Lempemtllrc as deI-Lncd 
by Bridgeman and Marvin, there is the minimum 
Lemperature aL which auLo ignition of the fuel will 
talc place. Thi ' temperaturc has been ilwesLigated 
by Tallsz and Schultc (1' [erence 14) and hy eu
mann. (Reference 15. ) In disclls ing Lhi Lempera
ture Tau z and chulte slate that "The tetllperature 
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of ignition i independent of whether the fuel is pre ent 
in the form of a vapor 01' of a fog and whether in this 
latter ca e the drop are large 01' mall. On the other 
hand, - - - the finene of subdivision does 
influence the COlU'se and particularly the velocity of 
combu tion and th velocity of propagation of he 
explo ion flame. " Tau z and chulte concluded from 
their experimental J'C ul ts that increa ing the prCSSLU'e 
of the ail' decrea ed the minimum ~LUtoignition tempel'a-

ture. Neumann extended the autoignition investiga
tions and found that it was not the pres ure but the 
density of the air that affected the minimum auto
ignition temperature. Quoting from Jeumann, "The 
higher, therefore, the initial temperatme of the com
pres ed air lies above the ignition temperature of the 
fuel, the horter the ignition delay. This depend, 
as can be demon trated, on the rapid increase in the 
l' action peed with ri e in temperature. Without 
thi inOuence, the rapid decrea e in the igniti.on de
lay can not be explained alone by the physical ef
fect of the heat tran mission resulting from the dif
fer nce in temperature between the air and the fuel. 
In a Diesel engine, therefore, the ignition delay i 
inver ely proportional to the temperature variab le 
ldiJi'erenc(' between ail' Lemperature and minimum 
au Loigni Lion LemperaLUl'(, 1 of the fuel, the lem peraLure 
of the air and the Lurbulen ce or the flow in Lhe com
busLion chamber at the beginning of Lhe ignition ." 
The reRui ts of Lhese inye Ligator:s have al 0 shown 
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Lhat thc fuels u ed in compl'ession-igni Lion engine 
ignite aL a lower temperature than Lhe fuel u ed in 
a park-ignition engine. The e conclusion are ex
tremely important in analyzing result obtained with 
compre ion-ignition engine . 

Once the fuel-air mixture is ignited, the next prob
lem be ome one of propagating the burning to all 
parts of the mixture. The speed of propagation will 
depend, among other things, upon the mixtlU'e ratio 
at the various points in the combu tion chamber. 
The only data whi h have been published on the di -
tribution of the fuel within the pray cone have been 
tho e obtained by Schweitzer and DeJuhasz. (Ref
erence 16.) These results showed that under the 
densitie encountered in the engine cylinder the 
distribution at 4 inches from the di charge nozzle 
with a plain ]'ound eli charge orifice is noL uniform. 
Theil' cla.ta al 0 indicate that the uniformi.ty of the 
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distribution decreases as the nozzle is approached. 
Tbe researches of the National Advisory Committee 
for Aeronautics have shown that to obtain penetra
tions as high as 4 inches during the time available 
for injection in high-speed compression-ignition en
gines it is necessary to use plain round-hole orifices. 
Although there are no direct data available, it can 
probably be concluded from spray photographs that 
the distribution is improved by employing helically 
grooved stems in the injection valve, by causing two 
or more fuel jets to impinge on each other close to the 
discharge nozzle, by employing rectangular orifices, 
or by causing the pray to strike a metal surface soon 
after it issues from the discharge orifice. All the 
above methods are, however, accompanied by a de
crease in the spray penetration so that lIDless the com
bustion chamber is small the fuel will not reach all the 
arr. 

In the present investigation the nozzle contained 
several round-hole orifices so distributed as to serv 
all the air in the combustion chamber. However, 
although fuel did reach mo t of the air in the chamber 

distributed to permit good mixing of the fuel with the 
air until some time after the end of injection. 

Distribution can be materially affected by air flow 
in the combustion chamber, although test results have 
indicated that the air velocities must be high to have 
much effect on the fuel spray in the combustion 
chamber. (Reference 21.) In this case, instead of 
the fuel penetrating to all the air, the air is brought to 
the fuel. There is one outstanding case of the uccess
ful use of air flow with a fuel spray from a single 
round-hole orifice. Ricardo, using such a combina
tion, has obtained a brake mean effective pressure of 
112 pounds per square inch. The Junkers and the 
Packard aircraft compression-ignition engines both 
obtain good results by the use of air flow in conjunction 
with special discharge nozzles. Ricardo (reference 22) 
has published indicator cards obtained on his engines. 
The e cards show that ignition can be initiated soon 
after the start of injection by employing air flow in the 
combustion chamber, but that combustion will proceed 
for a certain time independent of the rate of fuel 
injection. At the end of this interval the combustion 

TIme; seconds 

FIGURE 7.- Dispersion after end of injection of sprays frOID multiorifice nozzle. Inj?ction pressure 6,000 pounds per square inch. Chamber pressure 200 pounds per 
squaro inch. Still air 

the fuel-air ratio wa not uniform throughout the 
chamber. Instead there wer areas varying from 
lean mixtures to rich mixtures. The re ults of Kuehn 
(reference 17), Woltjen (reference 1), ass (reference 
19), and Lee (reference 20) have shown that the pray 
was probably sufficiently well atomized so that com
bustion could proceed rapidly once the air-fuel mixture 
was correct. 

The spray photographs obtained with the . A. C. A. 
Iuel spr~y photography equipment have shown that 
during injection the fuel spray shows little tendency to 
mix with the air surrounding it, but that after the end 
of injection the fuel tends to diffuse throughout the 
chamber. (Fig. 7.) It is possible that once com
bustion has started the burning will aid in mixing the 
remainder of the fuel with the air. It is doubtful, 
however, that such mixing will materiall}" aid in the 
combustion of the I uel. We find, therefore, that in 
combustion chamber employing no air flow, sprays 
from plain round orifices must be employed to obtain 
the necessary penetration; but that, although these 
sprays are sufficiently well atomized to promote 
efficient combustion, they are not sufficiently well 

70630-31--2 

i affected by the rate at which the remainder of the 
fuel is injected. It can not be expected, however, that 
combustion will necessarily proceed according to this 
process under operating conditions different from 
tho e employed by Ricardo. 

Although air flow will aid in the combustion of the 
fuel, care must be exercised in employing it. eumann 
(reference 15) has shown that when the excess of the 
air temperature over the minimum autoignition 
temperature of the air was low, air flow increased the 
ignition lag. (Fig. 8.) As the exce s temperature 
was increased the ignition lag was decreased to a value 
less than that with till air. Bird (reference 12) was 
able, by using sufficiently high air flow, to suppress 
ignition. He selman (reference 23) found that too 
great an air flow increased the fuel consumption of his 
engine. There was, however, a definite value of flow 
which gave him his lowe t fuel consumption. 

Bird (reference 12) also found that the ignition lag 
and rate of burning were proportional to the excess air 
coefficient. The ignition lag decreased as the exccs 
air coefficient was decreased, but the time of burning 
increased as the excess air coefficient decreased. 
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Whether or not combustion will start dUTing the 
injection depends upon the temperatUTe and pre SUTe 
conditions in the combu tion chamber. The time lag 
between the beginning of inj ection and the start of 
combustion decreas s as the temperature of the air 
becomes greater than the ignition temperatUTe of the 
fuel, because of the higher rate of heat input into the 
fuel drops. (R eference 15.) If the time lag of 
ignition for the condi tions in the combustion chamber 
is greater than the period of injection, combustion will 
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FIGl'RE S.-Effect of turbulence on the time lag of autcignition 

occur after all the fuel is in the chamber, and mo t of 
the bUTning will approach thc constant-volume cyclc. 
If, however, the time lag i less than the injection 
period, the fuel in the combustion chamber at the start 
of combustion will bUTn at very nearly constant 
volume, whereas the remainder of the fuel will burn 
at a rate depending upon how it is injected and the 
time required for it to become mixed with the remain
ing air and be brought to the autoignition temperatUTe. 
If the combustion starts before injection is completcd, 
the time lag of ignition of the fuel which is inj ectcd 

Air density at top center, Ib./cu. ft. 
2 4 6 8 1.0 1.2 1. 4 

~' 1500 
;) 

~ ............ 
~/OOO -i-
IIJ ..... 

34 :1 . 67:! /O'/:I /35:/ /68:/. 20/:/ 236:/ 
Compression ratio 

FIGURE 9.-Effect of air density at top center and compression ratio on minimum 
autcignition temperature 

after combustion starts will be less than that injected 
before combustion starts, because the excess of the 
temperatUTe in the combustion chamber over the 
minimum autoignition temperatUTe will increa e. 

The question arises whether or not it is advisable to 
have ignition start before all the fuel is in the combus
tion chamber. If ignition does not start until all the 
fuel is in the combustion chamber, the maximum rate 
of combustion and consequently the maximum rate of 

pressure rise are only dependent on the speed of the 
chemical reaction throughout the chamber. If this 
speed is too great, the pressure rise may be of sufficient 
rapidity to cause detonation which may reach destruc
tive magnitudes such as was experienced in some of the 
early work at the Langley Memorial Aeronautical 
Laboratory. (Reference 24.) Also, if all the com
bustion takes place clo e to top center, most of the fuel 
will bUTn at con tant volume, resulting in extremely 
high maximum pressures and necessitating a rugged 
engine to withstand them. Combustion taking place 
between 10° before and 10° after top center closely 
approximates constant-volume combustion, since the 
total change in volume for a compression-ignition 
engine varies about 10 per cent over this range. If, 
however, the combustion can be decelerated so as not 
to be completed until, say, 20° after top center, the 
volume will have increased approximately 40 per cent. 
This increase in volume will cause a decrease in the 
maximum preSSlll'es and, because of the slower rate of 
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combustion, cause a decrease in the tendency for 
detonation to occur. 

We may therefore conclude that in a compression
ignition engine unless the rate of combustion can be 
controlled by the variation of the drop sizes and mixture 
ratio of the atomized fuel, or by its chemical properties, 
the combustion should be forced to start before the end 
of injection. The autoignition lag can be decreased by 
starting the injection close to top center or by increasing 
the temperatUTe or density of the air. 

An idea of the effect on combustion of varying the 
compression ratio, the inlet-air density, and the inlet
air temperatUTe can be obtained from a brief analysis 
of the effects of the different variables on the difference 
between the compression temperatUTe of the air and 
the minimum autoignition temperature. 

Figure 9 shows euman's results for the effect of 
air density on the minimum autoignition temperature. 
The CUTve shows that for the range of densities for 
compression-ignition engine operation there is little 
changc in the minimum autoignition temperature. 
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Figure 10 shows the effect of compression ratio on 
the minimum autoignition temperature and on the air 
temperature at top center. The values for the air 
temperature were obtained from reference 11. The 
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quently it can· not be expected that increasing the 
density of the incoming air in an engine will in itself 
have much effect on decreasing the ignition lag and the 
tendency for detonation. 

~ 

Figure 12 shows the effect of increasing the tem
perature of the air at the start of compression on 
the difference between the compression temperature 
and the minimum auto ignition temperature. The 
minimum value of 660 0 F. absolute is chosen from 
the temperature assumed by Ellenwood, Evans, and 
Chwang. (Reference 11. ) The curves show that 
an increase in the intake-air temperature of 100 0 

F. increases the temperature difference from 830 0 

F. to 1,0500 F. The decrease by weight of the air 

o 
charge for this temperature difference i ap
proximately 15 per cent, which will reduce 

2 4 6 8 10 12 14 16 Wh 
SUlJercharqino pressure,inches of Hg. the power output of the engine. ether or not 

FIGURE H.-EfTect of supercharging on difTerence between air temperature at top center tills decrease in air consumption is jus tified 
anel minimulU autoignilion temperature I depends on the improvement in the cycle and 

CUlTes show that increasing the compre sion ratio from combustion efficiencies obtained by the earlier start 
10: 1 to 17: 1 (approximately the present limits in com- of ignition. 
pression-ignition engines) increases the 
temperature difference from 700 0 F. to 
1,150 0 F. The curve explains why high 
compression ratios have been resorted 
to in the development of the high-speed 
compression-ignition engine for aircraft 
serVICe. The curve also shows that in
creasing the compression ratio decreases 
the tendency for detonation to occur in 
the engine, because the fuel i forced to 
ignite earlier, and consequently the 
initial combustion takes place before 
all the fuel is in the comhu tion 
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FIGURE 13.-'l'he cITcct of injection ad,-ance angle on combustion 

I 
TEST RES LTS AND DISCUSSION 

Effect of injection time on combustion.-Figure 13 
shows the effect of the timing of the injection on the 
combustion characteristiC's of the engine. The fuel
pump setting remained the same for each test. Con
sequently, the rate-oI-injection curve is not repro
duced for each test. The tart and stop of injection 
are dependent to some extent on the conditions in the 
engine because the pressure of the air in the combustion 
chamber acting on the end of the injection-valve stem 
tends to lower the injection-valve opening pressure, so 
the start and stop of injection indicated on the rate-of
discharge curve by X "Tere not necessarily the start and 
stop of injection with the valve mounted in the engine. 
There is, however, one point on the rate-of-injection 
curve that can be used as a reference point. The effect 
of opening the by-pass val ve in the fuel pump on the 
rate of injection occurred 6nL/s degrees after the open
ing of the by-pass valve in the injection pump, in which 
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n is the engine r. p. m., L is the length of the fuel 
passage between the pump and the injection valve, 
and s is the velocity with which the pressure waves in 
the injection system are transmitted through the in
jection tube. (Reference 25.) For the conditions 
under consideration this value was 6°. In all cases 
the small circles on the pres ure-time curves represent 
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a time of 6° after the cut-off at the pump. The re
maining discharge after this point was caused by the 
residual pressure in the injection line and by the time 
required for the by-pass valve to open fully and for 
the injection-valve stem to reach its seat. A more 
complete discussion of this phenomenon will be found 
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in reference 25. In the figure the compres ion line i 
reproduced as a dashed line on the expansion stroke. 
The point at which the expan ion curve leaves thi 
line is the point at which the energy supplied by the 
combustion of the fuel became sufficiently great to 
cause a change in the pressure in the combustion cham
ber. From this point the curves indica te that the com-

bustion was accelerated until a maximum rate of 
burning was reached slightly before the maximum pres
sure; the rate of combustion then dropped, first rapidly, 
and then, because of afterburning, more slowly. The 
curves show that as the cut-off of injection was ad
vanced toward top center the time lag between the 
point of cut-off and the start of combustion decreased 
con iderably. In no case were the conditions in the 
eno-ine such as to force rapid combustion and so cau e 
the consequent pressure rise to start before all the 
Iuel was injected into the engine. Oonsequently the 
rate of combustion was independent of the rate of in
jection, but dependent only on the conditions of tem
perature, density, and mixture within the combu tion 
chamber. In this series of te ts, as the start of igni tion 
was advanced, the detonation of the engine became 
more intense until it reached a magnitude that was 
objectionable. 

Figures 14 to 18 show the effect of the time of in
jection on the combustion characteristics and rates of 
combustion when a supercharging pressure of 8.75 
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inches of mercury was used. The fuel-air ratios refer 
to the fuel quantity completely burned as obtained 
from the analysis. For this degree of supercharging 
the intake temperature was raised from 95 ° to 125° F. 
so that there was an additional effect of increased 
temperature. The curves show, in general, the same 
effects that are shown in Figure 8. However, with the 
supercharging and the increased temperature the igni
tion was forced to occur before all the fuel was injected 
when the injection cut-off occurred close to top conteI'. 
(Fig. 14.) The curves show that as the combu'stion 
took place nearer top center the cycle efficiency of the 
engine was increased because of the greater effective 
expan ion ratio. As the cut-off of injection was 
ad vanced toward top center the maximum rate of 
combustion decreased. The conditions shown in 
Figure 14 approach the desired conditions for high 
performance. The combustion efficiency was, how
ever, too low to obtain the desired fuel consumption. 

The combustion efficiency excludes the amount of 
heat lost to the cooling \vater, which was not deteT- . 
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mined. In the tests conducted by Schey and Rollin 
(reference 26) on a imilar spark-ignition engine it was 
found that the losses to the cooling water decreased a 
the compression ratio of the engine was increased . 
For a compre sion ratio of 7: 1 the loss to the cooling 
water wa 15 pel' cent of the total energy input to 
the engine. This value does not, of course, include 
the additional losse to the slll'('ollUding ail' from the 
cylinder head. It does include a cel"tain amount of 
heat absorbed from the xhaust gase a they pa ed 
through the exhau t valve. If we consider a fjO'Hl'e of 
15 per cent as rea onable for th e radiation 10 se we 
see that the combu tion effi.ciencie are rai ed hom 
approximately 58 to 73 per cent and h om 67 to 2 
per cent. The loss caused by incomplete combu tion i 
ti ll exee !'l ivp . As has been mentioned before, t he pray 

IllU t be compact, to penetrate througb the air in th e 
('ombu tion chambel', but this compactness prevents 
the correct mL"Xture of ail' and fuef from being obtained. 
Ell emvood, Evans, and Chwang have shown (referen ce 
11 ) that decrea ing tlle fu el-ail' ratio increa e the 
cycle efficiency. I t mu t be remembered, however, 
that the mechanical efficiency of the engine dect'ea e 
as the fuel-air ratio is decreased. Therefore, the over
all efftciency of the engine should reach a maximum 
value for one particu lar excess air coefficient. 

The curves in Figure 14 to 1 arc reproduced in 
Figure 19, together with other te t data obtained in 
the same serie. The fuel-inj ection pump setting was 
the same fot' all the run. As the time of injection wa ' 
advanced the time lag of ignition deC'l'eased until 
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finally a large portion of the fuel wa burned while 
injection wa taking place. This early bUl'lling 
resulted in a decrease in the rate of pre sure ri e. 'Vhen 
all the fuel was injected before top center the time lag 
again inCl:eased and combustion was not started until 
all the fuel was in the combu tion chamber. The 
rate of pressure rise again became excessive, with a 
resulting heavy knock. With combu tion tmting 

close to or jllst after top center the engine howed 
little tendency to detonate . (Fig. 14.) However , 
with retarded injection, detonation (Fig. 16) was 
noticed. It can be concluded, therefore, from the 
test data and analysis that in a compres ion-ignition 
engine detonation can he eliminated by forcing com-
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bu tion to start ufficiently early during the injection 
of the fuel to control the maximum rate of combustion. 

Figure 20 bows a eries of card obtained at a 
upercharging pre me of 5 inches of l1l('l'cury. The 
arne tendency i noticed that wa oh erved in Figure. 

1. and 19. Although the time lag '\'as Ie s than thaL 
obtained with no upercha)'O'ing, it was O'l'eater than 
that obtained with .75 inch l:l of merclIl'Y uper
charging. In no ca e with the 5 inches of supercharging 
did combu tion tart early enough to be afi'ected by 
Lbe rate of injection. 

Figure 21 how the effect of the difference between 
tbe air temperature at A cut-off or injection find B 
start of combustion and the minimum au toignition 
temperature at the start of pre sure ri e on the time 
lag beLween cut-off and the tart of p re sure rise. 
A light change in the temperature difl'eren('c caused 
considerable change in the time lag. or ('our e, the 
true timc lag is measured from the tart of injection 
and not the end of injection a sho,m in the cmve. 
The appro~:imate time interval between the tart of 
inj ec tion and the point of ut-off can be obtained 
from the rate -of-fuel-injection curves. 

The effect of time lag between cut-off and the tart 
of pre ure rise on the combustion efficiency of the 
enO'ine i ShOWD in Figure 22. The re ult are in ac
cordance wi th the di per ion of the pray a indicated 
in Figure 7. It can he concluded that for a quiescent 
combu Lion chamber, a the time lag of ignition after 
the cut-off of the fuel pray i increa ed, the combu -
tion efficiency and the tendency to detonate are iD
crea ed. It mn t be remembered that the increase 
in cOlUbu tion efficiency for the c tests wa morc than 
balanced by the decrea e in cy Ie efficiency, 0 that 
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as the injection was retarded the thermal efficiency 
of the engine decreased. 

I cards obtained from the engine when this injection 
valve wa used do, however, present interesting in-

Figure 23 shows the effect of the time lag between 
cut-off of the fuel spray and the start of pressure ri e 
on the maximum rate of combustion. The curve 
hows the importance of forcing ignition to start 

dl1l'ing injection a a mean of eliminating detonation. 
The high rates of combllstion accompanied by high 
combustion efficiency for a large time lag are caused 
by the improved mixing of the fuel and air after in
jection has stopped. (Fig. 7.) 
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FIGURE 22.-EITect of time lag between cut-oIT of injection and 
start of pressure rise on combustion efficiency 

Effect of injection from double-stem injection 
valve.-The double- tem injection valve (reference 
6) wa designed to cause the injection of the fuel to 
take place at such a rate that the initial combustion 
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formation which is of use in analyzing the combustion 
process. They are, therefore, presented, although the 

engine performance was not so good as that ob
tained with the single-stem injection valve. 
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~'IGt:l~F. 21.-Effect of dirTerence between ai r temperature and minimum autoignition tem
perature at cut-oIT of injection and at start of combustion on time lag between injection 
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between air temperature and minimum autoignition temperature at start of combus
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Figures 24 and 25 how the effect of the injection 
from the double- tern injection valve on the com
bustion characteri tic. In general, the rate of in
jection curves showed, first an increasing rate of 
injection, then a decrea ing rate (at times reach
ing zero), followed by a curve of the same general 
shape as obtained with the ingle-stem valve. The 
results were caused either by a bouncing of the 
injection-valve tem or by the instantaneou pres-
ures dropping rapidly after the start of injection 

because the rate of displacement at the injection 
pump was not ufficient to maintain the pres
ure on the injection valve stem required to hold 

the tem from the seat. Just how closely the 
results obtained with injection into the atmos
phere approached the rates with injection into the 
engine can not be aid. The indicator cards show 
that in every case the rate of combustion were 
influenced by a rate of injection of the same order 
as hown in the rate of injection curve. In no 
ca e did the maximum rate of combustion reach 
the value that were obtained with the single-
tern valve. The exact cause of this i not known. 

would take place at Lop center at con tant volumc 
and the succeeding combustion take place at con tant 
pressure. In this manner it was hoped to obtain a 
high cycle efficiency. The injection was started when 
the first stem was lifted and then proceeded from the 
orifices opened by this stem until the hydraulic pres-

It i pos ible that the pray issuing into the com-

ure in the injection valve reached the pre ure re
quired to lift the second stem. At thi point the fuel 
already injected was intended to burn at constant 
volume. The remainder of the fuel which wa injected 
through all the orifices wa intended to burn at con
stant pressure. A subsequent investigation (reference 
25) showed that the contour of the cam of the fuel 
pump was not correct to give the desired rates of di -
charge, because the velocity of the portion of the cam 
designed for the initial injection wa not sufficient to 
hold the primary stem from its seat. The indicator 
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FIGURE 23.-Ef!eet of time lag between cut-off of injection and 
start of pressure rise on maximum rate of fuel combustion 

bu tion chamber from the initial injection did not 
have sufficient power Lo penetl'fI,te far into the 
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combustion chamber. Con equently when thi s pray 
burned there was an area of hot ga e through which 
the ucceeding pray had to pas. Gelalle (reference 
27) has shown that increasing the temperature of the 
air decrease the penetra tion of the fuel pray. I n 
thi ca e the u ceeding fuel was unable to penetrate 

CONCLUSIONS 

The analy i of these indicator cards shows that the 
problem of obtaining efficien t combustion without 
detonatlOn in a high-speed compression-ignition engine 
suitable for aircraft service is one of controlling th 
mixture of the fuel and ail' and of controlling the s tar t 

0-
.S500 '""" ~ ..... 
o 

~ 400 

5 

/ 
l 

\ "Po wkr 

""- \ 
\ 

l 
<lJ I \. \ 
~ 300 
o 
Q. 

S' 
tJ-200 

'\ 
S 
~' /00 

11) 
11) 
<lJ 

-

I--

-

I-

I--- l..--

/ 
- 1-

V 
V -

V ~ V V 

If \ \ -

If \ \ 1-1-- ~ 
- ',-f-- '" 

,<::rolOrmq I'---- I--... . f- -

i~'l' V "" I-, I-

/ J -- .Combufflor; 
<t 0 80 

B.T.C 
60 40 20 0 20 

T.C 
40 60 80 /00 

Cronk deqrees 

~' JG UIt E 24.-EfTcct of doubl~,sLem injection val\'e on rate of fuel injection and on combustion. i. m. e. p.=ll Ib./sq. in. 
~'uel injectod=0.000430 lb. Fuel burned=O.OOOI 7 Ill. Combustion efficiency=43.5 per cent. Cycle emciency=50.5 
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throughou t the whole of th com bu. lion chamber. 
T he resul t wa an ove1'rich mix ture close Lo lhe in je -
tion valve which retarded combu tion un til this 
mixture cOLtld di[ruse wi th lhe remainder of t he ai l'. 
Therefore, there was a long peri od or afLe r bmn ing 
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of combustion. The re ulL hav sh wn that the rate 
of fuel inj eetion doe' not in i tself co ntrol the rate at 
which the fu el burns. The combustion can be cau ed 
Lo Rtal'L sufficiently early in the eyele to obtain high 
eyde effi ciencies wi thou L detonation by employing 
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FIGURE 25.-EITect of double·stem injection yalve on rate of fuel injection and combustion. i. m. e. p.=99 
lb./sq. in. J<' uol injected=O.OOO286 lb . Fuel buroed=0.OOO143 lb. per cycle. Combnstion emcieney= 
50 pcr cent. Cycle cmcieney=55. 5 ppr cent. 'I'hermal efficiency=27.7 per cent 

accompanied by a lo w cycle and combll tion effi ciency. 
T he low cycle efficiency here refers to t he cycle cfft
ciency which would have been ob tained ( ee fig. 14) 
had more of the fuel been burned at constant volume. 
T he long period of after burning wa further indicated 
by a. smoky exha.ust. (Reference 6.) 

temperature su ffi ciently higher than the minimum 
au toignition temperatm e of the fuel. By 0 doing 
the cycle efB ciency of the engine can be rai 'ed to a 
value for which the power output of the engine will 
compare more favorably with the power output of 
present-day spark-igni tion engines. 
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The problem of detonation in the compression-igni
tion engine is different from that in the spark-ignition 
engine in which all the fuel is injected before the spark 
takes place. In the conventional spark-ignition engine 
any change that increases the density and temperature 
in the combustion chamber increases the tendency for 
detonation to occur. Consequently, the compression 
ratio of the engine is limited by the properties of the 
fuel employed. On the other hand with the com
pression-ignition engine in which the fuel is injected 
during the end of the compres ion stroke and stnrt of 
the expansion stroke, the tendency for the engine to 
knock is decreased with an increase in the inlet-air 
density (supercharging), with an increase in the com
pres ion ratio, oj' with UD increase in thc air tom P0f

aime. It may be concluded thai ihe developmeni 
of the compression-ignition engine will be b nefited 
by further investigations in the use of higher compres
sion ratios, by supercharging, and by the use of heated 
all'. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis 

I Force 

Moment about axis Angle Velocities 

(parallel 
Sym- to axis) Sym-Designation bol symbol Designation bol 

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

Absolute coefficients of moment 
L M N 

Q=- Q =- 0.=-
I qbS m qcS n qbS 

Linear I 
Positive Designa- Sym- (compo- A 1 
direction tion bol nent along ngu ar 

axis) I 
Y-.Z rolL _____ q, u p 
Z-.X pitch _____ 0 v q 
X-.Y yaw _____ if! w r . 

Angle of set of control surface (relati,e to neu
tral position), 5. (Indicate surface by proper 
subscript. ) 

4. PROPELLER SYMBOLS 

D, 
p, 
p/D, 
TTl, 
r., 
T, 

Q, 

Diameter. 
Geometric pitch. 
Pitch ra:tio. 
Inflow velocity. 
Slipstream velocity. 

Thrust, absolute coefficient GT = ;D4 
pn 

Torque, absolute coefficient CQ = pn~D5 

P, Power, absolute coefficient Gp = fD5· 
pn 

7J , 

n, 

<P, 

5/---VS 
Speed power coefficjent= V ~n2 · 
Efficiency. 
Revolutions per second, r. 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 . 


