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SUMMARY

The radiations in ignition lag and combustion associated

un”th change8 in air temperature and derwity hare been

.#udied for a Dieselfiel in a constant-colume bomb. T7M

test result8 hare been di8cw8sed in term8 of engine penjorm-

ance wherecer compam”son8 could be drawn. The highe8#

test temperature approa-mated that attained in a com-

pre8sion+”gnition engine in the usual range of injection

adcance angles. The test air denm”tie8 rangedjl-orn 8ome-

thing le88 than the compre8eion derwity with normal

a8p”ration to a odue corresponding to conm”derable boost.

me mo8t important concbu8ion8 drawn from thi8

instigation are: The ignition bg wa8 e88entially

independent oj the injected fuel quantity. Extrapolation

of the curce8 for thefiel u8ed 8how8 that the lag could not be

greatly decrea8ed by exceeding the compre88ion temperature

and dene?”tie8attained in modern high-speed compre8m”on-

ignifion engine8. Jn order to obtain the be8t combustion

and thermal efim”ency, it UM8 desirable to u8e the longe8t

ignition lag consistent un”th a pernvkible rate of pre8eure

rise.
INTRODUCTION

The development of the high-speed compression-
ignition engine in reeent years has rteoessitated a more
critical attitude toward the nature of the fuel employed
than was required for its preoursor, the low-speed oil
engine. The primary reasons for this change in attitude
are the necessity of a light engine structure, together
with a high specific output, and the usual fuel economy
requirement that the cranlc-sngle combustion period
shall not become excessively large at high engine speeds.
These requirements are in a sense, contradictory in that
the attainment of a high speofic output necessitates a
high rate of combustion that may result in severe
structural loadings, -which ordinarily do not occur in
the more massive low-speed engine.

In order to secure a high specific output., the fuel must
be partly mixed -with available air, ignited, and burned
in an extremely short time. The exknt to which the
inking process is completed before ignition is obviously
determined, in part, by the ignition lag. It is for this
reason that the ignition quality of a fuel has such an
important bearing on the satisfactory utikzation of a

given fuel in a gi-ren engine. Lf the lag is too short,
thorough mixing is not accomplished early enough to
permit effective combustion; whereas, if the lag is too
Long, the rate of combustion may be objectionable.
This contention is supported by results obtained with
the N. A. C. A. combustion apparatus (reference 1) and
with engines (references 2 and 3).

A7umerous attempts have been made to investigate,
with reMively simple apparatus, the influence of uir
density and temperature upon the iggtion quality of
fueIs; but the test conditions, in general, cMered so
greatly from those in an engine that the resuhs have
Mle practical value (references 4 and 5). Attempts to
simulate engine conditions by injeoting the fuel into
heated bombs have dso been reported (references 6 to
11) but the ignition lags in every case were considerably
greater than those permissible in high-speed engines.
The resuhs reported by Michailova cmd ATenmann
(reference 11) indicate that such an apparatus shouId
prove satisfactory for rating Diesel fuels on the basis of
their ignition qwdity. The employment of engines for
this purpose has been reviewed in references 12 and 13.

It is the purpose of this report to present experimental
results obtained with a constant-volume bomb, showing
the effeot.s of air temperature, air density, and concen-
tration of residmd gases upon the ignition lag of a fuel,
together with some of the accompanying variations in
combustion. Such data permit a ckrer understanding
of the extent and manner in which engine combustion is
affected by operating conditions. Most of the tests
were carried out at densities ranging from 0.59 to 1.48
pounds per cubic foot. The lower value approximates
the air density in an engine (compression ratio= 14) at
15° B. T. C., and the l@her value that at T. C. with
considerable boost. The temperature range corresponds
roughly to that in the same engine between 35° and 15°
B. T. C. The akfueI ratios were, in general, abo-re 20.

The ignition-lag data correspond to the period from
the start of injection to the first evidence of a pressure
increase. Some flame may exist before any appreciable
change in pr~sure occurs (references 1 and 14); never-
theless, the lag as herein defined should be the best
measure of the interval avaiIable for the mixing of
fuel and air prior ta the general inflammation. Hetzel
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(reference 12) has employed a similarly defined lag in
his investigation of methods of rating fuels in a modified
C. F. R. engine.

APPARATUS AND PROCEDURE

The apparatus consisted essentially of an electrically
heated stainlw+teel bomb, provided with an injection
system capable of delivering a single charge of fuel and
with an optical-type indicator for recording pressures
photographically. Figure 1 is a diagrammatic sketch

‘A B

with guides to fix the position of the bomb with respect
to the optical system. The3 furnace (C—C, fig. 1) is
divided intu two parts with tho top half hinged to the
lower rigid section. The inlet valve J and the exlmust
valve E’ are so designed that they can be quickly
opened or closed, The thermocouple P’, iusertw-i
through a Iug in the side of the bomb M within % inch
of the inner walIt served to indicate tho bomb tempcrn-
ture. The thermocouple F in the top, or hottest part-,
of the furnace and the pyrometer U’ served to control
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X,platfnizedquertzmfrrorendstat?. J’, motor. U’,pyrometermntroUer.

FIGUR~l.—Diagmmrreticskekh ofwqmratus.

of the assembled appmatus. A manually operated
hydmulic pump (not shown) was employed to force the
fuel through tube B’ igto r~voir S. The fuel tank
contained hating and cooling units that maint~ined
the desired temperature of the ci.rculating fuel (130° F.)
at thermometer U for all save a few tests at the highest
bomb temperature. The increase in temperature as the
fuel passed through the injection valve was approxim-
ately 15° F.

The bomb has a maximum irtsidc diameter of 3
inches, a length from nozzle to indicator diaphragm of
about 3% inches, and a measured volume of 21.7 cubic
inches (356 cma). The bomb support was arrauged 1

the furnace temperature and, indirectly, tho bomb
temperature. The large therxmd lag of the bomb rela-
tive to that of the heriting elements ncccssitatcd this
arrangement t to avoid destruction of these elements.

A eketch of the injection valve and of ttn enlarged
section of the nozzle is shown in figure 2, The heat
flow in the neighborhood of tho nozzle was minimized
by placing the narrow seal (K1, fig. 2) Mwcen tho
valve body and the bomb some distance back from the
nozzle, Thermocouples spot-welded to the interior
surface of the bomb wall showed thtit the cookd region
was cohed to the curved surface at tho vrtlvo end of

, tihe bcnnb and that the total temperature difference
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never exceeded 270° F. The mdve was cooled by two
fuel streams [see figs. 1 and 2): The main stream passed
through tube O, then passage HI, jacket L1l and the
four passages (tvio of which are indicated as 1J to the
ret urn line B1; the smaller stream prosed through orifice
C’, injection tube D’, passage Gl, and the two smalI
holes in the dve stem to be inked with the mfiin
stream in the return line B1 (or D). The area of these
stem holes and of orifice C’ is so much smrdIer than that
of the nozzIe orifices that a relatively smaU portion of
the hydraulic injection impulse was dissipated at these
points. The pressure in the line between pump 1 and
orifice C’ vras adjusted to 150 pounds per square inch

Twelve-mike MZZk.
Ham DD’Isidentical with SE’.
Pfane CC’is identfcalwith AA’.
At,thermometerforfueltemperature.
Bl, mnneetkmbetrreenAre and fueI

return he.
Cl, upper lock nut forstemstop.
01,kwk-nutsnd stem+topsummrt.
E,, nut foradjustingsprhg Ioad.

F*,Iockwe.shers.
G,, fnjeetfor.rIWS.
1-11,p9s9geformdn soolantstream
II,return px+ssgesfromfscht K.
JI, oUsmIaroundvalvebody.
K,, .%?dii SUIfh&.

L,, cwfant Jacketaroundendofvnhe.
Injectkm-rahe asaemhly.

FIGCEE2—InJeetion-mfreaeaemblyand sroxfg

by means of the bypass -wdve N. Small readjustments
of this vaI-re were necessary for each bomb temperature.
Seal Jl, which prevenh fuel leakage into the furnace,
consists of a number of turns of soft eIectric fuse vim
forced tightly against the threads on the valve body by
the clamping nut shown. The fact that this mire is
satisfactory in spite of its low melting point is a good
indication of the effectiveness of the cooling system.

The opticaI indicator is an adaptation of the one
described in reference 15. All parts were constructed
of a high-tungsten steel for which the manufacturer
claims a yield point of 120,000 pounds per square inch
at 1,100° F. The platinized quartz mirror proved
fairly satisfactory ahhough it graduaIIy Iost its mirror
finish and reflectivity at the higher temperatures. It
was necessary, therefore, to retouch certain of the prints
of the original records in order to get satisfactory half-
tone reproduction.

The indicator was calibrated by recording photo-
graphically the deflections corresponding to several
static gas pressures over the range of interest with the
indicator bolted to the hot bomb as for an explosion
test. The calibration pressures were determined by a
Bourdon gage, -which had been checked aggt a dead-
weight gage tester. The error involved in measuring
the records is believed to be larger than any involved
in the calibration procedure and, since most deflections
were relatively smaII, the derived data may involve
appreciable errors. These errors are not particularly
important,, howe-rer, as trends, rather than exact
magnitudes, are of prima~ interest. Except, perhaps,
for extremely high rates of pressure rise, it is beheved
tlmt this indicator, in view of its high naturtd frequency,
satisfactorily recorded the instantaneous explosion
pressures. Very great rates of pressure rise, such as
accompanied the kwger fuel weights under conditions
gi-ring long ignition lags, in-rariably led to severe
vibration, which loosened the mirror staff in its bear-
ings.

The fueI employed in these tests was found by the
U. S. Naval Engineering Experiment Station, Annap-
olis, Md., h have the folIowing characteristics:

Di*lkdex --------------------------------------- 70.1
_e~int ______________________________________ 183.7
Speoi6c gravity, 60/60° F--------------------------- 0.834
A. P. I. ~tity ------------------------------------ 38.2
Fbh~kt, cl-d cup------------- .----------O F-- 242
~oudpoint----------------------------------” F-- 28
Poupobt__-_-_-----------------------------O F-- 25
Color N. P. A------------------------------------- 1.0
Saybolt Universed viscosity:

At 32° F__- _---. ------- ___- ___- _-__ -_won&_- 87
At 100° F-------- _-__________ --__ -_-- _-do---- 43

Carbnrwidue----------------------------~rcent-- 0.01
Sdphw--_--------------__ --_-----_ --------do---- 0.04
Heat value, calorimeter gross ------ B. t. u. per pound-- 19,996

DistiIIation c~aracteristic~:
● F.

First &Op_________________________________________ 526
5 cmJ---------------------------------------------- 531
10 ems--------------------------------------------- 532
20 cm~_____________________________________________ 538
30 m:_____________________________________________ 546
40 cmZ--------------------------------------------- 553
60 m~_____________________________________________ 662
60 cm3_____________________________________________ 572
70 ems--------------------------------------------- 684
M)cm:_____________________________________________ 699
DOcms_____________________________________________ “ 627
End~bt ----------------------------------------- 681
&overti-----. ---------------------------~rcent-- 98.3

The cetane number was found to be 64 on the Diesel
conversion of the C. F. R. engine in conjunction with
the modified ma=metic pick-up method recommended
k reference 16. This ignition quaIity compares favor-
~bly with the better commercial fueIs (reference 17).

During tests the pyrometer controller was set to give
~ furnace temperature corresponding to the desired
bomb temperature, the circulating pump 1 (see fig. 1)



150 REPORT NO. 617—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

was started, tid the flow of cooling water through the
coils in the fuel tank was adjusted to give the requisite
fuel temperature. The bomb was filled with air to the
desired pressure, needle wdve B being used for close
control of the air flow. Fuel was then forced into reser-
voir S to a predetermined pressure such that the desired
weight of fuel could be injected. Finally, the motor J’
was started, valve J closed t.a protect gtige & and the
injection made by mema of a “trip-hammer” mechanism

FIWRIi&-RekMons ofta”peraturw ur&ure, and dsnsity.

that permitted the engagement of clutch M‘ for a single
revolution of the driving shaft. The motion of the
trip-mechanism hanclle automatically closed the circuit
for lamp Z for a period beginning before injection and
extending beyond the combustion period. The resulting
film trace shows both the initial pressure and the pres-
sure changes resulting from combustion. This b,
together with t&e reference trace (zero gage pressure)
taken before admitting air to the bomb, constitutes the
pressure record.

The engagement of the clutch M’ lifted a poppet
valve T by means of cam N‘, thus admitting thq full
pressure from reservoir S to the injection line D’.
This operation also closed switch O’, producing a spark
at gap H‘ ~d a corresponding trace on. the film at
right anglee to the constant-pressure traces. Tljs
spark served to denote the start of injection on the flm
record, the two having been properly phased by means
of the gears K’ as described in reference 1s, before the
teds were begun.

The air pressuree used were arbitrarily seIected to
give densities corresponding to 5, 10, 15,20, 25, and 30
atmospheres absolute at 212” F. For convenience in
the examination of the experimental resuhs, the rela-
tions of temperature, density, and gage pressure are
~hown graphically in figure 3. Air density rather than
air pressure was used m one of the primary variables
because of the better correlation with spray develop-
ment (reference 19) and of the better control of what-

ever mass-action effects there may huvo been ifl t llc
ignition. and combustion of the fuel. TILC nir-fuel
ratios were b~ed upon the weight of ~ir in the bomb
prior to injection without considering the small amount
of air compressed, as a result of combustion, into the
small inlet and exhaust passnges tind into tho spwm
about the end of the injection wdve. In llny Cflsc,
these ratios are not indicative of t.ho wide rango of
actmd air-fuel ratios from point to point in the fuel
spray. The desired fuel quantities were obttiincil by
varying the pressure in the reservoir S htwwn 4,6oO
and 7,600 pounds per square inch.

REWILTS

Typical recorcls for an air-fuel ratio of 30, reprodurcd
in figure 4, show the effect of air tempcmtum on the
ignition htg at a density of 0.59 pound per cubic foot.
Ignition-lag data taken from these and similar records
for air-fuel ratios ranging from 20 to 80 are plotted in
figure 5, together with data obtuined nt twice this
density, 1.18 pounds per cubic foot.

A similar set of records (fig. 6) for an air-fuel ratio
of 20 shows the effect of air density on the ignition
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FIGUREG.—Ellwtoftompomtumon Ign[tlonlng. VarhIh dr-fud mt[o.

lag at the Mghe.st temperature (1,155° F.) for which the
indicator was suitable for continuous scrvicc. lgnit ion-
]ag datn obtained ~~ith variolls ~ir-fuel ratios at this

and several other gas temperatures arc shown in figure
7. A summary of the data. for figures 5 and 7 is given
in table I.

The effectiveness of combustion (insofar M it is
delined by the ratio of the pressure 0.004 second after
ignition to the inititd pressure) is shown as a function
of the ignition hg by the solid curves of figure &
These curves correspond to data obttiined at LWOair
densities and at severaI air tempcmturcs (870°, 1,060°,
1,155°, and l,255° F.). The 0.004-second period WMctr-
bitrarily talsen as the long~t in which combustion of
the fuel. would efficiently produce power in a moder-
ately high-speed engine. For this reason the highest
pressure indicatwi on the records reproduced in the
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several figures corresponds to the pressure prevailing
at the end of this period.

The dotted curve of figure S corresponds to similar
ratios of the observed maximum explosion pressure
to the initial pressure for the same ignition Iags at
the higher air density. The dashed “ided” curve
was derived from the dotted curve and indicates what
the ratios of mmimum to initial pressure should be
for complete combustion and no appreciable heat.
losses. The ideaI curve was obtained on the basis of
two approximations: &t, that the observed ratio of
m&mum to intia.1 pressure of 2.84 at tm ignition Iag
of 0.0058 second corresponded to complete combustion
under the prevailing conditions with negl.igibIe he~t
losses; and, second, that the same temperature rise
should occur at alI initial tempemtures. The second
approximation can be valid only for a castant specfic
heat and an immrirmt chemical equilibrium. The
2.84 ratio corresponds to the lowest experimental
temperature and the Iongest lag; hence the approfiate
increase in temperature redting from this explosion
wtis c2.84— 1) X (870 +460). The other vahms used
in pIotting the dmhed curve were obtained by chiding
the sums of this temperature increment and the indi-
vidual absolute initial temperatures (corresponcling to
the particular ignition hge plotted in fig. 8) by the
respective absoIute initial tempemtures. The clifTer-
ence between the dotted and the dashed curves at the
shorter ignition &s resulted from a combirmtion of
heat losses and incomplete combustion.

Three records me reproduced in figure 9 to show the
effect of the concentration of combustion products on
the ignition lag rtnd on the rate of combustion at- 1,060°
F., and at an rtir-fueI ratio of upprosimnteIy 25. The
gtis density was difierent for each cme. Records 113
and 117 show traces for two separate eqdosions, the
first of which (marked F in this and later figures)
ser~ed to reduce the initial o.~gen concentration to a
due calculated to be equivalent to that for record 103.
The tohd gns densities were slightly greater after the
preliminary explosions, owing to the weight of fuel
injected to provide the combustion products. The
concentrtition of these products before the second
injection was twice as great for record 117 m for record
113. The zero of the time scale for each of the second
explosions corresponds to that for record 103.

In order to show the relative influence of the specific
action of the combustion prcducta and of an inert gas
on the ignition and combustion for rm air-fueI ratio of
20 at 1,155° F., two groups of three records each, at
effective air concentrations of 0.59 and 0.89 pound per
cubic foot, respectively, are reproduced in iiggre 10.
The uppermost record in each group (168 and 154)
corresponds to a normal explosion in pure air. The
center records (161 and 147) correspond to mixtures of
air and nitrogen such that the air concentration was the
same as in records 168 and 154, respecti~eIy, but with a

total gas density rougldy equivalent to the correspond-
ing lowest record in each group. These records (156 ~
and 142), for air plus combustion products, were ob-
tained as outlined for figure 9. The tot id denssties of
the nitrogen-air and combustion products-air mixtures
were not quite equt-d, owing to their method of prepara-
tion, but both were higher than for the corresponding
pure-air explosions. The nitrogen mixtures -were made
up by admitting air to the bomb to the same respective
pressures as for records 168 and 154 and then admitting
enough nitrogen to bring the total pressure to the -due
corresponding to the next l@hest e~erimentaI density
as computed for air, i. e., 0.89 and 1.18 pounds persqume
inch, respectively. This procedure neglects, of course,
the s.nd density differences between air and nitrogen.
bide from this limitation, the initial Qir densities for
the double-injection records (156 and 142) mere the
same as for the nitrogen-air records.

The fact that the presence of combustion products or
of excess nitrogen reduced the inititd rate of pressure
rise made it possible to inject n larger amognt of fuel
into such a ni..ture tithout damaging the indicator than
n-as possible wit h an equivalent amount of pure air.
The records in figure 11 are indicative of the permksibIe
decrease in air-fuel rntio at a temperature of 1,155” l?.
Record 168, obtnined with pure air, shows a rate of
pressure rise com=iderably greater than either the
nitrogen-air record (165) or the doubIe-inject ion record
(159) ewm though the ah-fuel ratio for it was 20,
whereas that for the two Iatter records was about 13.5.
The effect.ke air concentration, 0.59 pound per cubic
Foot, was ths same for each record.

DISCUSSION

The present test conditions dillered from conditions
in a compression-ignition engine in that there was no
turbulence in the air charge prior to injection and the
rd temperatures w-ere perhaps higher tlmn in an
magine. The effect of these fnctors upon the lag data
presented herein is etidently very smalI in view of the
factthat an cxtrapdation of the curves in figure 5 to
the air temperatures that are probably ath~ined before
ignition in an engine indicates iggition lags of the same
magnitude as those observeclin an engine using the
same fuel. Other investigations have Ied to conflicting
:oncI~~ions as to the effect of turbulence on ignition
!ag (references 9, 20, and 21). In the case of engines
this uncertainty may be caused by the difficulty of ap-
preciably altering the degree of turbulence without
iimultaneoudy effecting changes in other in~uential
rariables.

Engine tests, as weLI as the present resuIt9, indicate
ihat ignition Iag is an important criterion in determining
:he rate and, to some extent, the effectiveness of com-
mstion; hence the trends shown by the present results
nust have their counterpart in the compression-ignition
mgine as the intake-air pressure or temperature and

—
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the compression ratio me varied. The reamer and
extent in which these trends me altered as the ignition
quality of the fueI is ch~oed must await further tests.

FACTORS AFFl?CTfi”G THE IGhTTIOX LAG

The ignition lag, as shown in figures 4 to 7, decreased
as either the clensity or temperature of the gas was in-
creased. The fact thnt the Iags were considerably
shorter for supposdy equivalent conditions than those
obtained by Michuilova and IVTeumann (reference 11)
with a fuel of superior ignition quality (cetene) indi-
cates that the range of temperatures in their bomb

must have been rather wide. The air-fuel ratio ap-
peared to have IittIe or no influence upon the ignition
lag, presumably because the optimum conditions for
ignition rdwa-ys exist somevrhere in the spray en~eIope.
A consideration of the data in tahIe I or & comparison
of record 154 (fig. 6) vcith the first explosion on record
156 (fig. 10) or 159 (fig. 11) and of record 167 (fig. 4)
with 16S (Q 6) shows that the spread of the points in
figure 5 must huve been due to sIight variations in
temperature; certtiir-dy there is no correlation with air-
fuel ratio. lt foIIows from the results shown in iigure
5 that the decrease in ignition lag, accompanying an
increase in the compression ratio of a compression-
ignition engine, is due pmtly to the increase in tempera-
ture and partIy to the increase in air density. This

conclusion confirms the results of prewious engine tests,
in which the inttike-rtir temperature and pressure were
independently -m&l (references 2, 22, ancl 23). The
fact that some methods of rmt~w fuels, m-hich certtiidy
do not si.mikite actuaI en=gineconditions (references 12,
13, and 16), correlate other rating methods and ergine
requirements reasonably well indicates that the curves
in these figures -would be merely shifted with very little
change in shape if the ignition quality were varied.
This contention is partly substantiated by the curves
shomn in reference 24.

The results of the present tests verify, in principal,
the conchlsion drawn by llichailova and hTeumm.m
(reference 11) that the iggition lag shows little tendency
to decrease further at the higher tempemtures rmd
densitiei. (See fii. 5 and 7.) Ena@e tests indicated
the same tendency (reference 24) but the necessary
conditions -mried somewhat \\ith the fueI used. A
determination in this laboratory of the air consumption
and compression pressure of a motored engine ha-ring a
known clearance vohune indicated a gas temperature of
1,290” F. and a density of 0.s7 pound per cubic foot at
top center for a compression ratio of 14.6. Under
operating conditions the temperature should exceed
this value, owing to the heating of the air charge and
to the presence of residual combustion products. Fig-
ure 7 indicates that this compression temperature might
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be considerably reduced by decreasing the int rrlie-rrir
tomperrrture, provided that the same air density ie
maintrrined, -without exceeding m ignition lag of 0.0015
secnd This indication is in r-greement with engine
results (reference 22). Such ~ Img rrnd its rresocirited
rate of pressure rise have beenfound in this Laboratory
to be permissible in test engines.

lNFLUEISCE OF IGMTION LAGON COMBUSTION

The solid curves in &ure 8 show qurditntively, for
two rrir densities, the influence of the ignition htg on the

eil’activeness of the combustion with a rerrsonnble
period rrfter ignition, Rothrock and llrrrldron (refer-
ance 1) lmve .obse~~~ed a corresponding decreirse in

engine etliciency IN the ignition Irrg was decreased below

the value giving the greatest permissible rate of pressure
rise, The same trend mny be seen in figures 4 and 6;

tl~e s~orter the lag, the greater the ensuing combustion
period or the time necessruy to attain mrmimum pres-
sure. Tb.is tendency accounts for the approach of the
upper soIid curve to the dashed curve .in &ure 8. trt

Iong ignition lags since the he.nt losses were a minimum
for this condition... .The lower solid curye corr~ponds
ta a density approximating thrrt in a normally aspirated
compression-ignition engine during injection.

The trends in this combustion effectiveness should be
indicative of similar trends in engine mean effective
pressure, provided that rdl but a negligible portion of
the combustion occurs soon after top center. Under
these conditions the merm effective pressure is rt func-
tion of, but not directly proportioned to, the ratio of
expIosion to compression pressure, The fact that this
ratio becomes IL maximum in an engine onIy when
appreciable combustion occurs before top center
necessarily tends to nullify the advantage, in terms of
mean effective pressure, accruing from II high value of
this ratio; hence an intermediate ratio gives the best
results in actual prrrctice. hloreover, the e.xprmsion of
the gases in an engine prevents the attainment of m
high a value of maximum esplosion pressure to maxi-
mum compression pressure as would occur if the same
degree of combustion could be realized at top center or
in a bomb. Actual engine ratios appear to be in the
neighborhood of.1,5 to 1.8 (references 23 and 25) when
the maximum cylinder pressures me limited to moderate
values. The ratio can be inc.re.nsed to some e.stent, of
course, by permitting bjgher .qdi.nder pressures. The
present vrdues of the pressure ratio after 0,004 second
are of this order even for the shortest ignition lags but
are not strictly comparable with the engine ratios
because of different conditions nnd air-fuel. ratios.
Within limits, however, these.@ends should be apprrrent
in either an engine or IIbomb.

To whnt extent the curves in fignre 8 me representa-
tive of rm engine posseasingconsiderable turbulence is
unknown, A qualitative comparison c-an be made,
however, with avnilnble combustion efficiency data for

& quiescent combustion-chrirnber engine. Thus, tllc
rrrtio of a point on the upper solid curve to rrcorrespond-
ing point (snmc ignition lng) on the dmhcd curve is
rrpprox.imately proportional to the ra t io of the cr&gy
derived from burned fuel in the 0.004-second interval
to the totnl available cmwgy, that is, to the condm+tiorr
efficiency for the prrrticulnr conditions. If tittcntion is
confined to. Iags of 0,001 and 0,0015 second, tho
respective ratios for the bomb me 0.55 find 0.72, which
compare fnvorably with efficiencies rimging from 59 tu
69 pe=cent for the total combustion in a quiescent
combustion-clmmber engine (reference 20). The hea L
10SSSSare necessarily indicntcd ns unburrwd fuel in
both instances. This ngreement indimtcs that the
combustion in the bombi even for the short Ings, was
comparable with tlmt in this particular engine,

The solid curves of figure 8 show thnt the 0.00-1-
second pressure ratio incrermxl IIS tho dmsi t.y wns
increased, pnrticulrrrly for ignition hlgs ncrcptnble in
nn errgine. Since this ratio should bc imlrpmden~ of
density for a given nir-fuel rntio, negligible hmt 10SSCS,_
and the snmc percentngc of fuel burned, it fcrllows thnt
n grenter perccntnge of fuel burned in the dcsignahd
period” nt the higher density. Comp&ion-ignition
engines in this laboratory huve not shown n sinliln r
trend ns evidenced by a constant indicutod sp[’ciflc
fuel consumption for n given rtir-fuel rn[io nnd III]
boost pressures. (See fig. 7, rcfcrcncc 22.) It k
possible that., in the bomb, the coml)ination of the
highey rrir density rrnd hrrgcr fuel quuntity merely
resuhd in better mixing without ony chemical cffcc(.;
whereas, in the engine, this eflect wouId be minimized
by nir movcrncnt. On the other hrrrrd, the data prr-
sented in reference 27 for hydrogen, cnrl.xm monoxide,
and methane-nir mixtures indicnte thut the grrs density
does dlcct the burning of these lmmr)gwwous mist urcs
but wlmt the effect should be for tho higlwr hydro-
carbcms is unknown. Furthermore, some reduc[ ion
in indicated specific fuel consumption with incrmwing

boostiris. been reported for spnrk-ignition engines of
low compression ratio (reference 28). Whctiler rrll
of thisreduction can be at tr.ibutcd to a dccrensc in thu
percentage of residuals is not known, At higlwr
compression rntios, for which tho nccoswy rango of
ignition advayc angle wns greater, there MVKJfir~L n
reduction in fuel ~onsumption tind then a coutinuoua
incrense with incensing intake-nir density. This fact
indicates that, for the high conqwmsirm IWtius, oi hw
factors more thrrn offset the improvcnwnt in burning
Wit might have been espwted on the his of the low-
compression-rntio results.

EFFECT OF COMBUS’ITON PRODUCTS ON COMBKMTION

It has been customary in most discussion of combus-
tion in compre.ssion-ign it.ion engines to titt ributo the
;lo]v burning in tho lntter part of tile power stroko to
Door mixing of t.ho fuel nnrf air. ‘his nssurnption is
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undoubtedly true to some extent; otherwise increasing
the air turbulence ~ould not result in an improvement
in engine performance such as has been obtained
(reference 29). On the other hand, there is abundant
evidence that the rates of some reactions are altered
by their products, either by sane spec.hic action or by
altering some physical factor such as the flame tem-
perat ure. Slow burning in a compression-ignition
engiue couId conceivably be attributed to the fact
that portions of the unburned fuel are encompassed by
mixtures of combustion products and air. It was to
investigate this point that tests were conducted in which
nitrogen or combustion products (of which a Imge
fraction -was alsa nitrogen) were mixed with air of a
fixed concentration before the fuel in question was
injected. The most pronounced effect of increasing
the percentage of combustion products was an increase
in the ignition Iag together with some decrease in the
maximum rate of pressure rise (fig. 9). Bird (reference
7) has reported similar results for repeated injections
into the same air charge, but the comparisons were
between diflerent air concentrations for each injection.
The effect of the combustion products on the ratio of the
e.qdosion to initiaI pressure after 0.004 second was less
red than is apparent from a crtsual inspection of the
records. Thus, even if the fuel burned in this period
remained constunt, a decrease in the pressure ratio was
to be expected becwse of the necessity of heating n
respectively greater mass of gas for records 113 and
117 than for record 103. For exampIe, the ratio of the
abscdute pressure after 0.004 second to the absolute
initial pressure for record 103 multiplied by the ratio
of the initiaI absolute pressure for record 103 to that
for record 113 gives rtn approximate value of the pres-
sure ratio that should be observed for record 113.
This calculated ratio happened to be identical with
the observed ratio for this cm.e, thus pro-ring that the
extent of the combustion within this interval was about
the same for records 103 and 113. The observed
pressure ratio for record 117 vms slightly greater tham
the calculated ratio, which might have been due to the
better mixing permitted by the much Ionger ignition Iag.

Figure 10 shows that the addition of nitrogen or of
combustion products to an air charge of bed con-
centration definitely decreased the maximum rat-e of
pressure rise. For the Io-iver effective air density, at
least, the addition of nitrogen or combustion products
had Iess influence on the ignition lag at the higher
temperature corresponding to figure 10 than is evident
from figure 9. This difference may be seen by com-
paring records 168 and 156 tith records 103 and 113,
the initial concentration of combustion products being
the same for records 156 and 113. At. a I@her effective
air density (0.S9 pound per cubic foot), however, a
definite change in ignition lag for the air-combustion
products mixture is evident. Lucidentally, the presence
of water vapor in Went zel’s tests (reference 10) prob-

ably accounted in part for the long Iags he observed
but., as the ignition quality of his fuel is unknown, no
direct comparisons are possible. J1acGregor (refer-
ence 30) has shown that variations in humidity afkt
the knocking characteristics of a fueI in spark-ignition
engines.

Figure 11 illustrates the fact that, in spite of the
tendency of diIuent gases to reduce the maximum rate
of pressure rise, very k@h rates could be obtained by
sticiently decreasing the air-fueI ratio. The maxi-
mum rates of pressure rise for records 168, 165, and 159
were by no means equal; nevertheless, the permissible
decrease in the air-fuel ratio made possibIe by the
addition of inert gases to air of the same effective
concentration was very definite.

CONCLUSIONS

1. For fuel injection into a constant-~o~ume bomb
containing stagnant air at a temperature and a pressure
approximating those in a compression-ignition engine,
the ignition lag was essentially independent of the

.-

injected fuel quantity and was of the same ma~tude

as in the engine.
2. For the fuel used, the possible decrease in the

ignition lag for a giren increase in air temperature or

density became quite smfl at temperatures and
densities in excess of those generally occurring in com-

pression-ignition engines.

3. The combustion efficiency impro~ed as the igni-
tion Iag was lengthened; hence it should be worth vdiIe
to use those fueIa in an engine whose ignition lags
correspond to the higher permissible rates of pressure
rise. The useIess %fterburning” decreased as the igni-
tion Iag was lengthened.

4. The ignition Iag tended to increase and the masi-
mum rate of pressure rise de5niteIy decreased upon
the addition of inert gases to an air charge of fixed
concentration.

LANGHY ME~IOIiIiAZ AERONAUTICAL LABORATORY,

lNATIONA~ ADVISORY COMMITTEE FOE AERONAUTICS:

LANGLEY FIELD, VA., October 5, 1937.
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