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THEORETICAL AND EXPERIMENTAL STUDY

OF IGNITIONLAG AND ENGINE,KNOCK*

By Fritz A. F. Schmidt

The author believes, on the basis of experimental
ignition-lag data, that the character of a fuel cannot
%e stated in terms of a single constant (suck as octane
or cetene number) but that at least two and generally
three constants are required.

Thus no correiati.on between knock ratings can be
expected if in one set of tests the charge temperature
was varied while in the other the charge pressure was
varied.

For this reason, he favors knock rating being based
on an equation characterizing the ignition lag of the
fuel as a function of pressure and temperature of the
charge .

I. INTRODUCTION

The individual processes accompanying the combustion
in an engine are so complicated as to make their investi-
gation extremely difficult. However, experiments with
engines have made it possible to calculate the total proc-
ess of combustion and particularly the end of combustion,
by iieterinination of the burnt fuel volume in relation to
the crank.angle.. In the attack on this problem, the
studies with calorimetric bombs (references 1 to 5) aild in
pipes (references 6-11, 29, 30) have proved very valuable.
For instance, the ignition lag valu.es.were also measured
—- ——.. ——

*llTheoretische Untersuchungen und Versuche iiber Ztindverzug
und Klopfvorgang. ll VDI-Forschungsheft 392, Supplement to
l?orschung auf dem Gebiete des Ingenieurwesens, ed. B, vol.
9, September/October 1938, pp. 1-14.
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in this manner. But the manner in “which in these tests
the chemical change of the fuel molecules with the oxygen
takes place, has not been sufficiently explored. The ex-
act calculation of the rea”ction process has up to the pres-
ent”been successful for very few reactions following a
known pattern (for instance, bimolecular reactions, etc.)
(reference 12) , while the data on the reaction at oxida-
tion of complex compounds are very incomplete (references
6 and 9). Even more difficult is the investigation of
commercial fuels incorporated of a large number of com-
plicated blends.

But, for commerical purposes, it is not necessary,
in the majority of cases, to know all partial processes;
it suffices to determine the regularity of the total proc-
ess as total ~esult. Engine studies would be much easier
if the phenomena observed during combustion could be
traced back to a minimum of fundamental laws. The good
reproducibility of ignition-lag tests and the fact that
the combustion processes reproducible within certain limits
can be influenced by physical conditions (for instance,
pressure, temperature) seem to indicate that it might be
possible to ascertain the processes accompanying combustion
accurately enough for engineering purposes by standard
methods based on’ few laws even without knowing the exact
mechanism of reaction. Once the fundamental laws are ac-
curately enough available, it should be possible to draw
some important conclusions for the improvement in fuel ‘
testing and development. For the interpretation of engine
tests, it is of particular importance to establish the re-
lationship existing between the physical test of combus-
tion in a pipe, the combustion in the calorimetric bomb
(for example, ignition-lag measurements) and the processes
accompanying the combustion in Otto and Diesel engines in
order to be able to deduce from these physical tests sim-
ple relations which can be applied to the complicated eri-
gine tests. T“hen it would be possible to follow the com-
bustion process mathematically under any change in physical
assumptions, such as at the different pressure and temper-
ature changes due to piston stroke or the movement of the
flame front.

In the following the relations between engine and
bomb test data are discussed on the basis of theoretical
considerations.
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.. I,&..IGNITION LAG

.,,. . . . . . 10 Generalities
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Numerous ignition-lag measureiuents in engines and ‘
calorimetric bombs have proved” a definite connection be-
tw”een ignition lag period,* temperature, and pressure
(references 13, 2, and 5). Since it was possible to ex-
tend the bomb studies over a wide temperature and pressure
rang’e the findings are very accurate. But the allocation
of ignition lag in the engine to certain temperatures and
pressures is uncertain because of t“he rapid changes in
these two quantities. Aside from that, the scope of in-
vestigation is very limited on account of the short time
available and the tnus imposed narrow limit for maximum
ignition lag.

The elucidation of the causes of ignition lag in the
engine and in the bomb calls for an investigation of the
ther.llalprocesses involved, i.e. , of the processes of
heating and vaporization, as well as of the chemical
changes, that is, of the reactions.

Theon~tical and experimental studies have shown that
the thermal processes, especially the heating and vapor-
ization cannot be the sole causes of ignition lag. In
support of this, we computed the mean temperature rise
and the time rate of vaporization of fuel droplets with
due allowance for the variable drop velocity, using Wetzelts
calculation (reference 14) as basis.

Various simplifying assumptions were necessary among
others, constancy of air temperature at spray boundary,
equal drop size at spray boundary arid in spray core, and
a distribution of fuel droplets and of the air in the spray
core in correspondence with estimated mean values from
engine tests (average h = 0.4, air temperature 550° C.,
pressure 34 atr.u.]. The quantity of air in th~ spray zpne
was averaged, because of the continuous expansion of the
spray and hence of the “mixture ratio during the ignition-
lag period. The study discloses, for the spray core, that
the time layse for equal temperature adjustment, can exceed
that at the spray boundary considerably (from 20 to 50 per-
cent for the temperature range chosen in the example).

Altho”u~h the simplifying assumptions are not alto-
,.

*The absolute ignition-lag figures for different fuels are
markedly at variance.
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gether true to fact as the drop size at the edge is smaller
than in the core, the sought-for results are nevertheless
correct in order of magnitude, and so affard a possible
comparison of the conditions in the spray core and at the
spray boundary. I?or average drop distribution according
to Sass (reference 15)* about 80 percent of the fuel volume
is already vaporized at the spray %oundary 5/10000 second
after start of spray (fig. 1) .

But the ignition-lag periods of several thousandths
of a second and even above 1/100 second (at low tempera-
tures), particularly in bomb experiments, cannot be ex-
plained by the vaporization process alone; even during the
short ignition-lag perioi in the engine the greater part
of the fuel is vaporized in many cases ill the spray start
interval, so that no systematic relation can be ascertained
between vaporization period and total ignition-lag period.
It is therefore proper to divide the total ignition lag
into a process due to thermal (heating and vaporization)
and a process due to cheinical causes (chemical reactions
during ignition-lag period). Since both processes overla-~
to a certain extent, the deterrilination of the total igni-
tion-lag period by addition of the two calculated separate-
ly, is not rigorousl~ correct, but nevertheless permissi-
ble for first approach.

It may be considered proved that the ignition starts
at the spray boundary and at several places (simultaneously
in part), hence the ignition does not, according to the
Diesel principle start from a single core. The com’oustion
starts simultaneously at many points.

Figure 2 is an enlarged view of fuel’ spray at 1 ,at-
mosphere. Th~ light source was an electric spark.afford-
ing a period of exposure of 10-6. seconds with a luminous
interisity of the’ spark of around 6x 105HK. In the low-
speed range the pilotographs of the fuel drops are circles,
at higher speed tile circles ‘turn into bands if the travel
of the drop, during exposure, is considerable in relation
to its diameter. High velocit~ exists in the spray core,
especially in proximity of tihe nozzle-exit orif!ce, whence
the fuel drops f~r,m long streaks. At the spray border the
velocity of the drop slows up consistently, hence the drops
ap-pear alillostas circles. At the spray tip a large volume
of fuel accumulates as a result of the retarding effect of
.—
*Jungl s more recent’ tests” “(optic observation of dro~lets
,i~,s~ray) in the D?lL give ,s,imilar results.
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the air. From the process, ’figure~ ~.amd 3, it may be
inferred that the. drops with low .,speed,at the spray bound-
ary are enveloped by fairly large aif masses and are heat-
ed quickly, hence, ignite first. This is also in accord
with the optical..observations anti the findings from studies
by the ionization method into”the start of ignition, The
-comparatively larger fuel masses .mo~ed forward in the spray
tip do not heat .as readily.because of the comparatively
small air volume available for heating.. Stroboscopic ret-.
orals also reveal the spray tip as being continuously fed
from within, whereas drop masses at the sides remain be-
hind, so that the spray tip must always be colder than the
spray envelope. The drops farther, away from the spray be-
c~me heated and vaporized and readied for igniting.

The calorimetric bomb ignition lag tests were mostly ..
extended into the range .of very low temperatures (up to
about 3500 C.). In this zone a very pronounced temperat-
ure relation was ascertained, which earlier experimenters

expressed empirically with a function eb/T . This rela-
tionship is, as demonstrated by the subsequent considera-
tions, evidently largely attributable to chemical causes.

2. Theoretical Studies

For the purpose of explanation of t’he:fundamental
influences so far as they relate to the chemical propor-
tion of the ignition lag, the ignition-lag period will be
computed for the simple case of reaction between two
gases, the assumption being a slow reaction at start but
subsequently accelerated as a result of the temperature
rise. The period of ignition lag is defined as the in-
terval up to reaching the temperature Tz. (The exact
determinationof :Iz iS usually of secondary influence on
the result of the calculation, as the temperature rise at
the end of the ignition lag is extremely rapid.) These
premises were chosen in order to obtain an agreement with
the findings from ignition-lag experiments. The first
flash Gf light is generally accepted as characteristic
~.ign fo: the start of ignition.* The chosen definition

-...—-—---- ..,,________ __ ——
*This .assu,mption is arbitrary, since a combustion is under
way even before tfie appearance of the visible light. Sim-
ilarly in flame photogra~ll,s the so-called IIflame frontlf is
not the border of the co~bustion start, since combustion
prevails in front of it in the part of the unburnt mixture
not illuminated as well as behind in the illuminated part,
as a result of which the flame front actually has some
thickness. A. ii, Rothrock and R. C. Spencer (reference 30)
have shown that there is a. certain late burning even bbhind

f\2._ the flame front.
—.._
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can , .moreover , be-readily reconciled with other test meth-
ods, since the ignition lag whether obtained by ionization
method,. by optical method, or as determined from the pres-
sure rise, is of. the same order of magnitude” (refercnGe
16). The definition.of ignition lag by reaching a combus-
tion ve!.ocity which is determined for a preponderance of
heat released by combustion relative to that dissipated by
the exhaust, favors the results only in the proximity of
the ignition limits. If the temperatures ’are far above
these limits, as, for instance, for ignition in theengine,
the heat removal is of secondary importance.

Based upon the above definition, the ignition lag can
be theoretically computed for simple cases (reference 32).
‘The calculation is fairly simple for standard gases with
known reaction mechanism. For i~lustration, the deriva-
tion for a bimolecular reaction at which.no chain reac-
tions take place is given:

Compute the time interval following from the inte-
gration of the time elements dz for the combus-
tion process in the whole temperature range from
start of reaction to temperature Tz.

Allowing for the impact figure of the molecules and
assuming that a reaction between two molecules can take
place only when its total amount exceeds a certain value
Q~T the fuel volume d[B]/dz converted in unit time

follows, at:

dz
f

——-

- 2 + if22WI

-Qa/RT
where e is the proportion

.In this formula

-’&/RT
~ILIOa][B]e (1)

of the ‘successful shocks.

rrl$2 indicate the mean radii of the reacti~g
molecules

-—. —- ——-—-——.

*The processes accompanying the activation are not defi-
nitely known; not every shock of activated molecules must
of necessity lead to reaction, However, the details and
limitations are without the scope of this report.
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;1 , G. , the roots from the mean velocity square ofa
the oxygen and fuel molecules,,,.-,., ,.—-----..,*J..

[021, the molecular concentration “of oxygen

[B], the molecular concentration of fuel
.> ,“,.,-., .. . .., ’.,‘. ,.

R, the gag constant “

T, absolute temperature

According to Maxwellls law of velocity distribution
the proportion of the molecules whose energy exceeds a cer-
tain amount E corresponds to an exponential function
-E/RT

e . The frequency of reaction on collision of two
molecules is contingent on the pro”oability that the sum
of the energies of the two molecules exceeds a certain
minimum value Qa ●

Aqd this relation holds not only for
the kinetic energy of translation but for other forms of
energy’ as well (such as oscillation, rotation, for in-
“stance), hence can be introduced generally. The above re-
lation is further supported by test data, since the value
e-Qa/RT can also be obtained empirically.

The heat of activation Qa could be successfully

defined in several reactions from the absolute quantity
converted in unit time at a certain temperature, as well
as from the change of conversion veloc’i.tywith tempera-
ture (empirical formula by Arrhenius). :Hereby, the value
Qa was found to be little affected by temperature, whence

it is permissible to consider this value constant in a
limited temperature range. The exponential function indi-
cates an extremely great rise in reaction velocity with
temperature, so that for the whole duration of a reaction
the part at start and at lower temperature, respectively,
is largely decisive. The lower the value of Q~, th’e

smaller is the effect of temperature on the rate of tem-
perature ri.s.e.. ,..,..,.

From the equation of the reaction ve’locity (equation
(1)) , the duration for the ignition lag can b&’obtained
by integration in the range between initial temperature
and..temperature Tzi” It.g.ives:,. ., . ,,..

,.., ,!.,..,,” .,. ...’ .!. ...

1$,. —
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Tz

/

> e%/RT d[~]
z=- F———

the differential of the converted fuel
tuted by a function of T. It gives:

d [B] =
z“[] M Cn dT

Hu

volume is substi-

(2)

where the summation, extends over all interested gases
corresponding to their modality, at the, particula,r temper-
ature (Hu = heat value of” fuel, [] M Cp = molal’ity x molal
heat) .

Introducing the initial concentration and replacing
it with the aid of the combustion equation by a ‘functi,on
of the specific he’ats, the heat value and the maximum tern.
perature rise a% complete combustion of t’ne total fuel

? Trnax- Tl):

[B]l =

Tma x

(Tmax - Tl) X[]Tmax m cpm T1 _

Hu

we find, after several changes:

,,%, e%@T [ok] [B]lT

(

.1

~~

X[]T
z=~ -c —. —— dT (3),

PI Tmax - T1 P T1 & ‘ [02][i3J x[]T@x ,.

where :

(pis pressure, Tlnax, maximum temperature of combustion
at constant pressure, computed for the heat value of the
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tcital:fuel;”..Ml, Ma, molecular weights; g; acceleration
of -gravity.; index 0, the normal state (for instance, 15°
C. and I..atm,.abs.); index 1, theinitial state’of the>,
reaction) .

,..

The variation of the specific heats within the tem-
perature range of the :integration”being small, the specific
heats c~ are expressed as constant. The effect of the

counter ~eaction is not perceptible, since the range for
which the ignition lag iS computed is remote from the equi-
librium condition.

The molal concentrations in equation (3) are depend-
ent on the time and temperature, respectively. But “their
variations during ignition lag is usually little, so that
for practical purposes the concentration is considered con-
stant and equated to the initial concentration. In cases
where this is not prermissi”ble, progressive integration
must be resorted to.

. For practical application a presentation of the ig-
nition-lag period in function of the initial state is in-
formative, It gives:

e-Qa/RT1 ~
z = ——— a? (5)

The integration constant can be disregarded since
the limit value of the ignition lag is very small for
high temperatures. The value @ = c/g (fig. 4) allows for
the reduced lag period resulting from the “increased rate
of burning during the ignition lag period which is due to
the temperature rise within this interval. It can be de-
termined from the relation

-Qa/RTl ~ ~ze“~/RT~=: I -dT
,,. (Tz - Tl) !.T ““’JF

1“

(6)

where through substitution and partial integration the in”-
Bm t,egral may be reduced to the integral

. .
x ,“
f’‘>

.,.,

~
~~ dx available in tables, The ’change in

~..With

x
●o

I
I —. .
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the temperature is illustrated in figure. 5. Value a is
nuineri.tally computable; it is little affected by the ex-
cess air figure X (approximately corresponding to Tilax -
T~, since T:Qax - Tl is dependent on A). An increas-
ing A results in a decrease of a.*

I?or states of equal, great ignition lag, it is:**

Qa+l
in pl = — - In TI + in ~ + const

RT1”2

While the heat reinoval during the ignition processes in an
engine plays a comparatively small ‘part, it is of decisive
importance for the determination of the autoignition tem-
perature and inust therefore be accounted for since the
lowest limit of autoignition is conditioned by the excess
of developed, relative to evacuated, heat,

3. Physical and Chemical Processes during Autoignition

The foregoing deductions are for the present appli-
cable only to the simplified assumptions, to which the
mechanism of reaction of only a few reactions corresponds.
In point of fact the inajority of reactions pass through
intermediate stages, so that various reactions become
superposed, which in many cases are preceded by cleavage
processes. Then, too, it must be assumed that the combu~-
tion process in nearly all technical cases is by way of
chain reaction.

Since at combustion in a Diesel engine and in similar
bomb tests with liquid fuel injection, the ignition takes
place in small zones of the spray boundary which are no
longer affected by the wall, there is no wall effect.
Hence arguments and deductions based on chain interruption
at the wall are ruled out. The reaction inechanism of com-
mercial fuels is surprisingly little know~ even for ele-
mentary substances such as methane the course of combustion

*For impirical presentation of test curves on ignition-lag
values, a, ~, m, may he considered constant. In this case
a somewhat higher mean temperature takes the place of T1.

**Other investigations into the relationship existing be-
tween the minimum pressure and temperature at which aut~ig-
nition occurs known from literature have resulted in a sim-
ilar formula but with different constants.
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is so complicated that no definite explanation has ever
been published... It is known, ‘for instance, that the
methane combustion is over methanol and formaldehyde.
CC.. and CH bands were also observed. The intermediate
products continue, in part, to disintegrate under heat..
The products obtained on the basis of such observations
correspond to several intermediate reaction stages, so that
for the final termination of the reaction process several
shocks are required. Even for the chain reactions the
conversion processes are still not accurately known, hence
a purely theoretical derivation of the ignition lag is for
the present impossible for these substances.

From the reproducibility and uniformity of the regu-
larities of the test data for changing pressure and tem-
perature it can be concluded that-the frequency of reac-
tion start is so great that the disparity” ‘of:the individ-
ual processes during the course of reaction does no longer
appear in the measurement of the total process.

The assumption also suggests itself that the chain
reactions produced by the first reaction of fuel molecules
are numerous enough to justify their expression by a mean
reaction. Besides, the observations of the processes ac-
companying ignition at the fuel spray lead to the concept
that the reaction starts at a particularly propitious
point, favored on the one hand by conditions conducive to
heating of the droplets, i.e., high temperatures, and on
the other, by the presence of optimum mixture ratio. Since
ample reaction or molecular shock* frequencies are possible
even in a very small space compared to the fuel spray, it
may be assumed that in every fuel spray the optimum mixture
ratio exists at several pOintS. The reproducibility of the
experiments vouches for the fact that in tests ~der iden.
tical initial conditions the assumptions for the creation

*The order of magnitude of the ‘shock frequencies is appar-
ent, for instance, from the fact that at a pressure of 30
atm. and a temperature of 5000 C. the shock figure of a
molecule already amounts to about 10~1-p”ersec. , with the
order of magnitude of the radius of the molecule at 10-6 ‘cm.
In 1 mm3 the number of molecules would amount to =1017.

3 Considering a bimolecular-reaction with an activation heat
of Qa = 8,000 R, it gives at 500° C. - corresponding to

the factor e_sooo/T a successful shock each 30,000 impacts.
The change in the number of reactive molecules with the
temperature is considerable by reason of the dependence on
function e. For the same example every 3,600 shock would
be successful at 700° C.

~
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of the optimum ‘mixture ratio are essentially the same -
even though temporarily at different “points.

,$
,.Despite the fac’t that an exact calcu”lati.on of the

combustion processes is impossible, the above considera-
tions make it appear feasible that the chemical share on
ignition lag for chain reaction and for nonstandardized
fuels (gasoline, for instance) can be r(?prOdUCed by a for-
mula similar to the one developed here. Because of the
existing intermediate reaction the pressure appears as
power with an exponent n. Although the reaction mechan-.
ism for the processes leading to autoig”nition during the
ignition-lag period are not known individually, it is
possible to establish, on the basis of the deduction from
the formula for the chemical share of the ignition lag, a
reaction formula with the aid of the measured regularities
which would afford the same result for the relations of
the chemical ignition-lag share as the measurement.

From the formula*

b/T ~~e.
z = —. a$

Pn
(5a)

for the chemical ignition-lag quota, we obtain in corre-
spondence with the foregoing derivation for the r eaction
equation, the expression

(8)

where d indicates another constant obtainable approxi-
mately from the measured ignition-lag values by approxi-
mate consideration of the thermic ignition-lag share.

Equation (5a) takes account of a temperature rise
during the reaction. In chain reactioils the possibility
exists - in principle - that the reaction is very rapidly
accelerated without appreciable temperature rise. (See

* Value b substitutes for value Qa /R , since the

physical intepretation of the heat of the activation does
no longer apply ‘here.
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Semenoff .tkeories. ) .The’purely isothermi c..reaction of ‘
fuels, which, on the.whola, burn With( considerable heat -

>>, development, can, however, Ije’only’:’co”nsider”ed”asaspe’cial
case. The assumption that heat::ts.released even ituring
chain reaction as a result of the. formatio”n of the end :’
products, is tlie more general+ ‘

.’ ,. ,.

The three constants b, n,” ant’d, in’ equation. (8)
should be obtained from the ignition-lag tests by mean.s:bf
equation (5a); They present in,this ‘caseno physically. acx””
curatelydefined quantities, but av’erages. to b~linterpre:t-
ed as empirical” quantities. Obviously the correct defini-
tion of the constazits in this eq.uation” re4uir’es the se~e’@-
tion of the accurate equation of the chemical ignition-lag
quota as a basis, wherein the value & is accounted foi?.
confor.~ably to equation (6), or else a wrong value b is
obtained. When computing ~, the value b substitutes

for
Qa

In equation (6). An equation expressing the’ proc-
7

ess during time, interval dz can be f’~rmulated from the
recorded ignition-lag values only with allowance for the
temperature variation during ignition lag, represented
here by the value

‘or the”absolute va~~e ~~e change ‘f P ‘ith the tempera-

ture (fig. 5) is hereby not as important as tile allowance

- P? which is followed by a sub-
stantial reduction of the exponent in the value
~b/T when b is empirically obtained from experiments.
The ~hus obtained relation is then applicable to other
ignition processes witil any other pressure and temperature
change. The constants, of course, must be interpreted
empirically, but the derivation affords a basis of their
significance. ,.

The empirically defined reactio~ velocity (equation’
(8)) computed in this manner from the ignition lag is a
little tno low because in the derivation of formula (5)
for the chemical ignition-lag share it was assumed that
the fuel vapor- air mixture aanifests the temperature of
air at the point where the reaction sets in. In’reality
a certain cooling of the air has taken place at the points
w-here the fuel concentration’ reac-nes higher.’ values as a re-. .
suit of the heating and vaporization. .,Hemce the comput”ed
reaction velocities accordingto “e~u#ition’$(8)’are actually
reached at slightly lower temperature~:tiha’n assumed in” the.,.
calculation. .. .,“’ .,...!!.,.;, ,“...!,,,:......-t,,...,,:.,,,:. ... .

Since it concerns ail erapirical .fdr~tild that’charac-
.. ,,,.

.’ .’”,..L. ..,’ 1,#‘.:
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terizes the whole process, the manner in which-the reac-
tion actually proceeds (intermediate, chain reaction) is
immaterial. This assumption is tome out by the fact
that even cases with proved intermediate reaction (for
instance, in CH4 combustion) manifest relations which can
be reproduced by formula (5a) within the limits of instru-
mental error. In many cases the character of the reaction
itself changes in higher temperature ranges so that quan-
tity b also remains constant for limited temperature
range only. It is perfectly conceivable that forvery
short ignition-lag periods and large droplets a nonuniform
reaction in the boundary layer of the drops is involved,
which as partial reaction and in certain zones could
equally appear as predominating reaction. The sudden in-
flammation observed in ignition-lag tests is, according
to the foregoing theory, explainable, as a rapid tempera-
ture rise at the end of the ignition-lag period. The tem-
perature rise at the end of ignition lag, which follows

b/T~
with the function %- (equation (8) ), when employing

pn d

the conventional calculation of the combustion tempera-
ture, is so steep when based on the constants b and n
obtainable from ignition-iag data for commercial fuels,
that the impression of a sudden ignition can well be gained.
The temperature used as basis for ‘the definition of igni-
tion lag as end state, plays here a lesser part. According
to figure 6a, the temperature rise in the range between
1,300 andl ’7,0000 K. is already so steep for b = 8,?00
that practically the same ignition-lag period would have
to be assumed for both terminal temperatures. The temper-
ature rise based upon the value b = 23,000 (fig. 6b) is
even steeper. This value is in order of magnitude similar
to the exponent involved in methane. The abscissas in
figure 6 are proportional to the time. (See also equa-
tions (5) and (6)).”

4. Comparison of Theoretical and Experimental Results

The.foregoing ignition-lag formula holds for the
chemical share only. But , if the heating and vaporization
processes play a secondary part compared to the chemical
changes a comparison of the formula with the measured ig-
nition-lag values is appropriate in first approximation.
Should this comparison disclose a good agreement between
test data and formula, it still would afford no proof that
in this case the effect of the thermal processes on the
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igniti.on-”lag:period. is small, but merely show the possi-
>. bili.ty-f.or..i,t. The basic print.ip.les,,fo,r,..t,he,deterrnina-

tion of the thermal effects on ignition lag are, however,
so little understood that an inclusion in the interpret-
ation would be premature. For the present, the” compari-
son of the test data with a law which, in development of
its formula,’. corresponds to that for th,e chemical igni-
tion-lag share is of interest. . .

.:.. :
The e~aluation of igniti:on-lag tests reveals the’ test

values to be very closely represented by the chemical-..
share formula: ,. . . . ..:

eb/Tfi
z = ap;. “(5a)

Pn”’

The test data can also be represented in simplified form:

or

~~T J<a,
“ z=:

Pn

b’f/T
e

z=— ~11

Pn “’

(9)

(10)

since the variation of ~ can be equalized by a change’
in the value b (then expressed with b’ or b“); at “,
and a,II are then new constants also, which account” for
the omissions in equations (9) and (10) relative to equa-
tion (5a). Figure 7 shows the same ignition-lag test
data by Lindner (reference 13) compared with the three
formulas (5a), (9), and (10). It is apparent that the
effect of the e function is so predominating that the
lesser change of fi and @ is not important.

The possibility 0$ expressing the ignition-lag test
data by formula similar to the empirical (10) has been
voiced by various r6search wcrkers on the basis of studies
with methane. The. accord of this formula with the test
data 1s better for gases t’han for liquid fuels, because
the thermal share of gases is little or not at all appar-.
ent. In the high-temperature. range particularly the ef-
fect of the thermai share in liquid fuels is pronounced,
bedause of the marked drop’ in ‘the chemical ‘sh”ar”ewith the
temperature in conformity with the e function. Howeverr
there may be cases where, in the low temperature range,” the
time lapse for the thermic processes is considerably
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greater. And” agreement of test data and ‘formulaitself
is no proof:of the predominating effect of.the’chemical
share. Hence , the.evaluation of ignition lag test data
of liquid. fuels must allow for the thermic share also.

It is not yet clear whether it is permissible to
equate the total ignition” lag in first approximation to
the sum of the two shares. The division of the total lag
in chemical and thermal share empirically is extremely
difficult. An approximate division was possible on the
basis of the mathematical determination of the thermal
share and on the basis of comparisons of fuel tests of
widely varying volatility under otherwise identical condi-
tions. The correctness of,such a division can be effect-
ed on the basis of comparative tests of fuels with and
without preheating and on the basis of a separate experi-
mental study of the processes during heating of the fuel
droplets. Comparative ignition tests with the gaseous and
liquid phase of the same -fuel under way at present are
hoped to provide further im.formation on this subject.

Apart from the experiments illustrated in figure 7,
numerous tests of other research workers (Holfelder reference 2,
fig. 8, and Wolfer*) have equally produced results which
are reproducible by the above formulas. More recent tests
by Professor Nagel with the improved Holfelder equipment
have disclosed a sinaller pressure relation for ignition
lag. In most cases value b may be figured constant for
the whole explored range; only in very few cases are ap-
preciable differences noted** in the exponent of
e-b/T at different temperatures. Even bimolecular reac-
tions manifested in isolatedcases different activation heat
Qa .in different temperate zones (reference 12) , whence it
is very likely that even in complex coinbinations similar
changes in reaction with temperature are involved.

The fundamental similarity of the experimentally and
theoretically defined laws for ignition lag constitutes a
proof for the assumption that the cause of ignition lag,
apart from the thermal processes, is essentially attrib-
utable to a reaction or combustion combined with heat,
.—. -— -—
*Wolferls tests are described in the present articl~e

**Thus, for instance, some organic combinations manifest
two different oxidation mechanisms in individual temper-
ature ranges (reference 17 and 18),.
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tihieh “i.gnit.es first at the points .of most propitious con-
ditiions”for temperature admixture ratio. A relation.

u....
“ship”of the ignition lag in a Diesel engine on excess air
is therefore not involved, because ignition always starts
at .tE”epoint of most favorable excess air. (~or the cool-
ing effecti of vaporization, significant with little excess
air, see under sec. 5.) ,,

:’,
‘“On the other hand, the shortest ignition lag within,

range of the fuel spray occurs at. the.:point where the
necessary mixture ratio and the maxitium temperature meet.,
In well developed fuel sprays the droplets at the edge are
1sss dense and the “cooling effect of vaporization is less
apparent .

5. Effect of Ignition Lag on the’ Behavior. of the Engine

Especially at Altitude

The ignition-lag periods measured in engine tests
usually made at the same pressure and temperature are in
general smaller than in calorirmtric bombs. The reason
for this was commonly ascribed to the varying degrees of

/

turbulence. But there can be no substantial turbulence
effect unless the air motion procuces more favorable heat-
ing conditions for the ignitable fuel particles. Small,
(reference 3) in his bomb tests with and without turbulence
could detect no measurable difference in ignition lag.
Hence it is to.be assumed that the turbulence has in genb
eral no essential effect on the ignition lag, even though
the conclusion suggests itself on the basis of various
other investigations t’hat recorded differences might be
traceable to turbulence. Greater ignition lags have been
recordied on numerous occasions with low-speed engines re-
ferred to equal pressure and temperature, but these are
caused partly by lower compression. Any decision of the
extent of this phenomenon attributable to turbulence is
difficult in engine tests. There is a.possibility that ~
hot spots in the engine cylinder might. affect the ignition
lag; considerably.
,,,

The engine operating cycle has very little effect on
ignftion lag (fig. 9). Engines operating on different” ..
principles have disclosed little difference in absolute
values and little difference in temperature effects: Sim-
“ilaragretiment prevails for the relation of ignition lag
to specific? weight (fig. 9) and temperature (fig. .10)..
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The curves refer t:o identical fuels and optimum engine ad-
justment (appropriate nozzles). The temperature effect
becomes so much less ‘as the temperature is higher and be-
comes practically insignificant at around 700° Co The
pressure effect is more noticeable for low than for high
specific weight.

In the presentation of the ignition lag values re-
corded in the engine, it is to be noted that different lag
periods can occur at the same compression if the spray
periodis changed. The magnitude of the ignition lag de-
pends upon the amount of heating by the temperature of the
air, which in an engine varies during the compression
cycle approximately according to a sinusoidal function
with the time. Hence, the more the ignition-lag periods
approach the apex of this sinusoidal line the shorter the
recorded-lag period will be.. The differences due to
change in spray periods are shown in two curves in figure
10.

The recorded pressure relation is, in order of magni-
tude, in close agreement with the theoretical. It should
be borne in mind that the rate of vaporization rises only
with one power of. the pressure whose exponent is less than
Oxlo.

With the ignition lag, the engine performance itself
is dependent on altitude. Therefore, engines with high
compression and consequently small ignition lag have a
s,naller power drop with altitude than those with low com-
.pression (fig. 11).

The experi~ncos with pressure and temperature in
their relation to ignition la: are of particular importance
for the control of the operating cycle and for the power”
computations of Diesel engines at altitude.

The power drop of the Diesel engine iri relation to
altitude is, according to past test data,unlike that of the
Otto engine (fig. 11). At ‘low’heights - up to around 2
kilometers (6,500 feet) - a smaller power reduction is o%-

taipable with a Diesel engine, because the excess air per-
missible at sea” level for cruising load can be lowered
with the usual control for increasing height without in-
creasing the thermal stresses of”the engine over those at
sea level. At greater heights; of course, tile outPut of a
Diesel engine drops in general more thanin an Otto engine
and. principally because of the rise in ignition lag as a
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“resuli of lower pressure and’ low temperature at terminal
compression. _. ,. ,,

...

According to the pressure-time card (fig. 32), the
ignition starts later with” increasing”height ,..thus vitiat-
ingtlie performance and raising the fuel consumption.
This’ phenomenon is particularly vitiating in engines with
divided combustion chamber, where, as a result of the
lowered air density, the ignition in the chamber occurs
so late that conditions in the main chamber are as a r@=
suit of the already lowered pressure””unfavorable for the
subsequent combustion, In air-cell engines only a rela-
tively small quantity of air (excess air factor very small)
is available in the cell. Becau”se.at low air density and
low air temperature (at altitude) the ignition-lag periods
are long, more fuel can vaporize during this lag period.
Owing to the small amount of air available, a marked cooling
takes place through which in certain circumstances the ig-
nition may stop altogether.

But with smaller ignition lag under normal operating
conditions, the ignition already starts” at the spray edge
while fluid fuel is still present in the spray core, so
that the cooling at the points of ignition as well as on

. the whole becomes less. In altitude tests with a Lanova
engine (its principle is described in reference 19) the
ignition stopped quite abruptly at lowered excess air, as
became manifest for instance at an induction pressure
equivalent to an altitude of about 13,125 feet and without
changed spray timing (c = 12.5) with an excess of air of
A< 1*2; at higher compression (6 = 15) the ignition missed
only after reaching an induction pressure equivalent to
19,685 feet and A< 0.85. A check of a vaporization test
carried out on the basis of Wentzells calculation (refer-
ence 14) disclosed that at 80 percent vaporization of fuel
the air temperature in the cell would have to drop to 270°
c. AS at this low temperature ignition can no longer take
place within the time interval required at’ 1,500 r.p.m.,
it follows that a large portion of the’ fuel is expelled in
‘nonvaporized state from the cell.

The behavior at altitude of a Diesel engine can gener-
ally he improved by raising the compression, which affords
a hi”gher temperature of compression and a hig”h pressure of
compression and consequently a smaller ignition lag, or by
adaptation of the penetration of the fuel spray to the low
‘density of the charging air and by earlier “ignition at in-
creasi”tig height. Figure 13. illustrates pres’%ure-’t.ime rec-
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or.ds with higher compression (c = 15) for different heights
than shown in figure 12. .-

But along with the undesirable effect’ of the too-long
ignition lag, the extremely short lag is equally as un,d.e-’
sirable in most cases. Only limited air velocities are
available. for car%uretion, hence a minimum time interval
is necessary prior to ,start of ignition and during incipi-
ent combustion in. order to assure the distribution of the
fuel $n the cylinder. If the ignition starts too soon
tnis process of carburetion is often considerably disturbed.

III. DETONATION

1. Physical and Chemical Phenomena .

Accompanying Xngine Knock. .

Investigations into tlie detonation characteristics of
engines, especially into the knock limitations under varied
operating conditions have led to the conclusion that the
detonation process can be definitely influenced by the
pressure and temperature of the inducted air (reference 33) ,
The observations point to a reaction in the unburnt portion
of the gas mixture cornpr.essed by the advance of the flame
front as the princi.pa.l cause of the detonation rather than
vibration phenomena,, According to the findings of the ex-
periments related hereinafter, the process of comtiustion
and the creation of detonation is - with due regard to the
previously held views, especially by Ricardo (reference 20)
wherein detonation ,js attributable to a sudden combustion
o.fthe unburnt portion” of the mixture - approximately as
follows:

While the combustion front, starting at the spark
plug , advances at a speed dependent on the turbulence, ex-
cess of air; pressure and temperature of the mixture,
there is a slow reaction or burning in the unburnt portion
at about the same rate as applies to the chemical propor-
tion of the ignition lag in Diesel engines. ‘lherate of
this reaction is governed by the pressure and temperature
of the unburnt portion. This temperature increases as a
result of tune displacement effect of the burning part even
after dead center. Withhigh compression. (for instance,
c = 8) and at 80° charging air temperature the temperatures
of the unburnt part rise in t“herange letween 20° crank
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angle B,..~.C. .a,nd,100 A. T.C..from, around around 4500 to. ~
650°..C.,,..,$he:S.lO.Wco~bustion process is followed by.a
c.ont,i.nuoustemperature rise in the Vnburnt part, ‘which “in
turn speeds,up the rate of combustion so that~ according
to equation (8) and the measured values spontaneous ign,i-
tion is to be expected in the unburnt mixture soon after
TtiC. . ~.

A rough check of the experimental dat’a itself indi-,
cates that t:he terminal ,ternpe.ratureof the unburnt part
due to co”mpre”ssion at. the instant ,qf incipient knock can-
not be considered as the sole cause of detonation; but
that the concept of a supplementary slow reaction is in
better agreement with tile experimental data. (Tnis is
also in accord with the measurements by Withrow and Boyd
(reference 29) , who observed the slowing up of the flame
front prior to detonation, in contrast to Rothrock and
Spencer (reference 30) , who observed this slowing up of the
flame front only in several cases). As to the course of
this reaction, it was definitely established that the tem-
perature and furthermore the pressure of the unburnt part
are of primary significance,

2. Experimental Results and Theoretical Interpretation

of Detonation Tests

The available methods of objective measurement of the
detonation are as yet quite inaccurate. The measurements
are chiefly based upon measuring the rate of pressure rise
or on optical observation of the flame front during com-
bustion. A much simpler, but more unreliable method, is
afforded by the “observation of the detonation noise.

For the exploration of the detonation process’ either
tile individual process in the cylinder - ‘especially through
measurement of the processes in the flame front and in the
unburnt mixture portion - is studied or else the knock lifi-
itations under varying test conditions are chosen as a
basis. Both methods are of equal proinise.

In the following, it is attempted to trace the deton-
ation by the method of changing knock limitations.

,, Figure”14 illustrates the knock limitations with :
changing’ the” spark advance. In order not to exceedthese
limitationsti the pressure in the inlet pipe was lotiere~ at
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greater spark advance. The changed limit and the compres-
sion ratio ~ along with the c.orrelat.ed mean pressures

Pe are showh” in figure 15. Ths accuracy of the obtained

limi~ation throug~ audition isseeri from the scattering of
the ~te.stpoints. ..

The test results permit the conclusion that the re-
action processes in the unburnt mixture are the primary.”
cause of detonation, and the pressure waves secondary.
Pres$ure waves accelerate the internal reaction up to ig-
nition in” the mixture alre’ad~’ close to the ignition bound-
ary. If the temperature and pressure rise, due to an ex-
isting pressure Wave, suffices during the interval of pas-
sage of the wave to heat the mixture, already close to
spontaneous ignition as a result of the pre-reaction, to
visible ignition, the flame front can pass through the’ “
s-pace.still replete with unburnt mixture at sonic veloc-..
ity.

.In order to check these concepts and ’assumptions, the
detona~ion experiments were evaluated on the assumption
that the’’reaction presumed to be the chief cause of deto-
nation follows the same laws as the reactiorls causing the
spontaneous ignition in ignition lag. Hence the equation,

(8)

which, atccnstant excess of air, gives the c.orrect Presen-
tation of the relation between the ignition lag of gases
on pressure and temperature with the constants to be de-
fined from the measurement, as derived Iro,m tile resul?s
concerning the dependence of the chemical proportion of
the ignition lag on pressure and temperature. In this
attempted evaluation of the detonation tests the reaction
in t-he unburnt part which leads to detonation is assumed
to be constant. But various investigations have shown the
reaction in sucil ga.sollr.e.mixtures to ‘be extremely varying
at different te,mmerat-.~reranges. It is perfectly possible
that similar phenomena take place in detonation. When, in
spite of it, it tias possible on the basis of such an eval-
uation to reach the co:~clusion that a uniform reaction is
feasible, it still dGes not prove it, h~ca’~se such agree-
ment can also be obtained if in one certain range a pre-
dominating reaction takes place with such laws.
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In. the evaluation, the pressure and temperature of
. ,the unburnt mixture at adia~,ati-c,eompression were deter-

mined from the indicator cards in”relatio’n tocrank angle.
With the aid of the thus obtainedtemperature curve, a
new temperature curve for.the unburnt portionwas estab-
lished by progressive integration on the basis of the
above formula. In this tiewcurve, the~t.omperature rise
due to advancing flame ‘front and to the internal combus-
tion was allowed for. ~~

,,,,,.. :
.,.

If the detonation is to.be explained by a reaction .
in the present form, a portion of the mixture must still
be unburnt (reference 21) at the moment when the reaction
velocity and the temperature rise become very rapid.. In
experiments based upon knock limitations, the -flame front
must at this instant have advanced far enough so that a
small portion of the mixture in the cylinder still remains
unburnt. Since unburnt parts are equally existent behind
the illuminating flame.front, it is possible under certain
circumstances that detonation occurs even in cases where
the flame front hasalmost traversed the combustion cham-
ber (reference 30). For that reason,an exact evaluation
of the experiments by this method necessitates an exact
record of the time interval and crank angle, respectively,
at which detonation starts, and the movement of the flame
front itself must be known.

The time interval of incipient detonationwas chec?~ed
by quartz indicator and the evaluation of:the combustion
process was accomplished by stroboscopic .record of the in-
dicator card and glow lamp indicator. The combustion ‘
process was determined from the energy balance for the
combustion and expansion cycle (reference 22). (See also
combustion studies by Drinkwater and Egerton (reference
23). The result is illustrated in figure 16. Here the
flame front has reached the end of the cylinder at about
20° A.T.C,, i.e., the combustion for this time interval
has ended.*
.—— —

*This method of determining the combustion process is in
close accord with direct measurements of. flame f’rents in
the cylinder. The paths’ of the flame fronts as measured
byBouchard, C.. Fayette Taylor, and E. S,””Taylor, corre-
spond to a similar transformation of the fuel quantities,
as established in the present experiments. Rassweiler
and Wi”throw (reference 26) measurements also agree with
the present evolutions,; The direct measurements of the
path of the flame front merit preference over the theoret-
ical determination carried out here. (For” flame-front
measurements, see also F. Kneule (reference 27).
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measurable or auditive detonation could occur only
if the detonation in the unburnt part occurs at the lat-
est in the range between 5° and 15° crank angle. The
coinbustion process shown varies considerably, however,
with the operating condition. When evaluating a large
number of indicator cards, it was found that the crank
angle, at which combustion is terminated, and the entire
combustion. -process is first of all de-pe.ndent upon the ig-
nition period and shifts almost like tke ignition~ that
is, retarding the ignition 10° is followed by a delay of
a“r)out10° in combustion. In se’veral cases it was also
observed that the difference of the crank angles in the
combustion process was a little less than the spacing of
the spark timing. The r.p.m. is of little influence.
This result agrees with the fact that the increase in ig-
nition speed is almost proportional to the r.p.m. and
approximately proportional to the speed. of turbulence.
The combustion process in relation to crank angle .is litt-
le influenced by changing compression, air temperature,
or charge pressure, while a change in excess of air works
profound changes in combustion (reference 30, also 31).
In other words, all influences.affect ing the rate of ig-
nition, influence the combustion process. Hence the
marked difference in time interval or cranlk angle involv-
ing the detonation witil changed excess of air and spark
advance (reference 30) and the minor difference in changes
in initial temperature and pressure.

.In consideration of these viewpoints the a“bove evalu-
ation made it possible to express in one equation of the
form of equation (8) the explored relationships - mutual
change of pressure and temperature of the aspirated air
(throttling.and overcharging) and the change of the spon-
taneous ignition and the compression. In other words, the
mean temperature variation could be so expressed in a re-
lation that a rapid temperature rise was computed at the
point where the indicator card predicted ,~he.inqipient
detonation. Ignition-1ag studies of fuels for Otto en-
gines are available only. in parts.. Lind@r has made some
ignition-lag measurements on gasoline sprays, but “his
findings are inapplicable to the evaluations because in
the Otto engine the fuel is practically completely vapo,r-
ized.at the end of compression, so that th~ heatijlg proc-
esses of the fuel and ~Qe vaporization at i,gn~tion by in-
cipieilt detonation are no longer apparent. ,The decision.
concerning the applicability of constants obtained, from
the ignition-lag measurements for d~tonation tests must be
held in abeyance pending further experime~tation with vap-
orized fuels. These mezisurem.ents are being made once with
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adiabatic cornp,ressi.on as applied .b~.H. T: Tizard and D. R,
Pye (reference 28)” and once by blowing fuel vapor into. hot
air. ,.,

. .,,., ,,..>.. .. ..... .. . .,., .
. . ,. ;;

.T?igures .17 and 3.8.show temperature curves obtained
with changes in compression and in’itial temperature from
tests at knock limitations.. The.. application of the same
formula to test series ‘ieginning in the detonation-free

. zone and terminating i.h the severe detonation zone gives
tile teinperature curves illustrated in figure 19. (The
test series of figure 19 refers to a different fuel from
that of figures 17 and 18.) The temperature rise for det-
onating operation occurs at a crank setting where” much
fuel is still unburnt, for detonation-free operation the
temperature rise is small shortly before terminated com-
bustion in the unburnt part. This would turn into a rapid
burning only at a later interval. The evaluation is not
to be interpreted tilat the temperature variation in the
unburnt part actually corresponds tO the curves shown in
the plots. They are merely intended to show ‘that the det-
onation process can be explained with a reaction, the
speed of which can be represented by the reciprocal value
of a pressure power and an e function of the reciprocal
value of the temperature without making any predictions
as to the time rate of change.

On the basis of tue above reasoning, it is to be ex-
pected in agreement with the customary explanation of the
effect of antiknocks (references 24 and 25) , that the in-
teraction of lead will result in a check of the reaction
(for instance, chain interrupting). The effect of tetra
ethyl lead will probably not show as a change in the value
b of the reaction formula whicn characterizes essentially
the molecular properties, but in a changed d in a con-
stant factor in the reaction formula~ If the enhanced
detonation t~ndency is equalized only by a change in pres-
sur e, the reaction formula under oes a change insofar as
at knock limitation the value pE and hence p must be
changed for a constant factor in correspondence with the
change in d.

The evaluation included the experiments of P. Giertz
with supercharge and increased air temperature at cliffer-
ent spark advances and excess of air. This was supplement-
ed by investigations of the knock limitations under changed
pressure and temperature before the engine,. as WCII1as for
changed spark advance and compression.
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The -test results for the detonation limit of gasoline
with and without leaded fuel are given in figure 20. The
detonation reducing effect was mathematically allowed for
with a change in d with a constant factor, which corre-
sponds to a proportional change of the admissible value for

P* The experimental determination was in good accord with
tilis reasoning. The solid curves represent the experimen-
tal da$a, the dashed curves the experimental values with
leaded fuel reduced by a constant factor. The agreement is
satisfactory.

The above method of evaluation produced satisfactory
results in several test series on two engines. To what
extent and with what limitations the investigating methods
are practical remains to be proved in further engine tests.

Translation by J. Vanier,
National Advisory Committee
for Aeronautics.
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Spark ignition,B.T.C.
Figure 14.- Knock limitations plotted

ignition.
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Figure 15.- Charge pressure
pl and mean

pressure pe at knock limita-
tions against compression
ratio c .
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Figure 16.- Combustion versus crank
setting.
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Figure 19.- Temperaturedistributionfor unburned fuel Wota in cylinderunder conditionsof Figs. 17
A.H and 18 best for a test series starting in the detonatinganc terminatingin the knock-free

Ifzone air temperature:W°C ,spark ignition:38° BiT*c.
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at constant initial temperature tl= 80°C
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