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IGNITION POINTS AND COMBUSTION REACTIONS IN DIESEL ENGINES. *

By J. Tausz and F. Schulte.
PART I.

Introduction

The utilization of liguid fuels in internal combustion en-
gines assumes ever greater proportions, since the transforma~
tion of heat of combustion into mechanical energy has been the
most successful in this field. 1In ordinary combustion, interme-
diate reactions and products are not significant for practical
purposes and the heating value is the information of interest,
whereas with combustion in the engine, the possibility of using
a fuel and its utilization depend entirely upon the course of
combustion, so that the chemical reactions before and during
the combustion become decidedly significant. From this stand-
point, only those fuels with certain definite properties are
useful in internal combustion engines.

With the exclusion of gas'engines, internal combustion en—
gines were originally constructed for use with gasoline as a
working medium since it was cheap and available in large Qquanti-
ties. The gasoline which is so valuable today, was originally

a by-product in petroleum refining and in the distillation of

*Communication from the Petroleum Research Laboratory of the
Institute of Applied Chemistry, Technical High School, Karlsruhe.
For Part II, see Technical Memorandum No. 484, which follows.
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the crude oil as much gasoline as poséible was disposed of in the
kerosene, which was the main product. Thus kerosene, rich.in
gasoline, was put on the market and various countries were forced
from the standpoint of safety to legislate on its flash point.
This method of disposal of the gasoline, while still partially
existent to-day, has been superseded on account of the enormous
growth of the motor industry, which has rapidly made gasoline
the most valuable petroleum product. The boiling range of gaso-
line has been considerably displaced for the same reason, and
to-day it frequently contains in appreciable quantities portions
belonging in the kerosene fraction, which are not so suitable
for combustion in the engine. The production of straight-run
gasoline lags far behind the constantly increasing demand, so
that other fuels are used to make up for thig deficiency, as well
as the production of gosoline from higher boiling petroleum
fractions by cracking, and by the AlClz process, among others.
This gives rise to the important question as to whether
the fuel should be adapted to the engine by producing petroleum
products suitable for the engine through chemical processes on
the present fuels or whether it is possible to improve equipment

such as carburetors and engines so that as much of the crude as

possible may be used without further transformation. This sec-

ond possibility has the advantage of greater energy economy
since the transformation of the high boiling petroleum products

into gasoline results in loss of material and necessitates util-
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ization of heat. Further, for engines using heavy oil, in which

. class the Diesel engine has shown greater superiority, suitable

petroleum andlignite tar oil products are scarce and difficulties
arise when coal tar oil and similar‘pioductsAare‘used, dvue mainly
to the course of the combustion reactions. Thus technical prog-
ress démands with increasing urgency scientific research and ex-
planation of the combustion reactioné and the faotors'Which in-
fluence them.

A. Geﬁeral Part

l. Significance of the Ignition Point

Various factors play an important part in the complete com-
bustion of fuel in an engine. The ignition point is of deeisive
significance in connection with the utility of fuel oils. All
organic substances can autoignite When mixed with air'or other
oxygen-containing gas without the aid of an igniting mechanism
or mechanical work. The lowest temperature at which autoignition
occurs is called the ignition point of the substanée. The igni-
tion point should not be confused with the flash.point or the
burning point. The flash point is the temperature at which flash-
ing of the fuel is observed when brought in contact with aﬁ ig-

niting flame. The burning point is the temperature at which the

‘fuel burns further after flashing. -Although these two physical

constants are particularly important in the case of liquid fuels,
they bear no relation to the ignition point. As evidence of

this, the inflammability cadl increase with decreasing ignition
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point. The inflammability depends upon the vaporization of the

... fuel,. of .which. the ignitionMpoint is independent.
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The simplest case of ignition is that of gases as it occurs

in practice in the gas engine. It is the most available exact

S T

investigation, since homogeneous mixtures are concerned, and it

has been the subject of numerous exhaustive and successful re-
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searches. Nevertheless, we are far removed from an entirely
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clear understanding of it, for the velocity of reaction is enor-
mously fast. However, the possibility of intermediate stages is
very limited, in opposition to the ignition of liquid fuels,
where all possible intermediate reactions must be assumed. Con-
cerning the chemical processes involved in the ignition of sub-
stances of larger molecular weight, such as liquid fuels, practi-
cally nothing is kﬁown:and a large field lies open for chemical
investigation. The problem is a difficult one for, on ignition
of such substances, during the shortest period of time the most
different and most complicated chemical transformations and re-
actions occur, since these liquid fuels are mixtures of vérious
chemical individuals which are oxly very incompleteiy known.

As already mentioned, the ignition point of the fuel used

is conclusive foT establishing the commencement of the explosion

in the engine. The matter in question is the interpretation of

its limitations wiﬁh the most diverse substances and mixtures on
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the one hand and pressure and temperature relations on the other.
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.In the explosion engine the fuel-air mixture formed in the
carburetor is sucked in, compressed and ignited, usually with an
electric spark. The gas pressure produced by the combustion
drives the piston. The velocity of the pisﬁon can be so high
that at the beginning of the downward stroke, the combustion is
not yet completed. The velocity of propagation of the ignition -~
the exﬁlosion velocity ~ is concerned here and would 1limit the
number of revolutions if other mechanical factors did not eﬁter
into consideration. The cause of thé so—~called knock is parti-
ally to be sought in the fact that, due partly to contact of the
compressed mixture with the hot cylinder and partly to heat of
compression, a temperature is reached at which ignition occurs
prematurely of its owmn accord. The mixture thus ignites before
the piston reaches the proper position and this not only results
in a very wasteful expenditure of energy in consequence, but
also 1s harmful to the engine., The higher the ignition point
of the fuel used, the less readily does autoignition occur in
the engine. Frequently cracked gasoline is inclined to give
aﬁtoignition, particularly if it contains portions of the kero-
sene fraction. It is possible to overcome the objectionable oc-
currence of detonation if th; temperature at which autoignitibn
occurs - the igg;tion pqint qf the fuel ~ is raised by blending.
Recently efforts have been madé to add substances which even in
very small amounts have‘a large influence and which affect the

first phase of the combustion. Research on these anti-knock
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materials is being conducted at Karlsruhe at the present time,
and ‘we~hope to be able to report more about this later.

With Diesel engines, the fuel is sprayed into the compressed

alr and autoignition occurs in the heated mixture. In this case
also, the ignition point is decisive since it determines the
final compression presiyre which it "is necesgary to produce.
Since fuel is constantly sprayed during the ignition, whereby
the Diesel engine works as a constant pressure engine, the veloc-
ity of propagation of the ignition also plays a part here. |
The engines, designated as explosion and Diesel, thus re-
quire opposite properties for their operating substances. The
gasoline engine requires a fuel with as high an ignition point
as possible in order to be able to work at higher compression.
The Diesel engine demands a fuel with as low an ignition point
as possible. With the gasoline engine the vaporization of the
fuel and inflammability, that is, easy burning of the fuel-air
mixture by the ignition flame, are naturally further very impor-
tant factors, whereas with Diesel.engines, these play no part.
In recent years, ignition point mecasurements have been

adopted more and more as a criterion for the utility of various

g
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oils in engines. In this connection, the fact has not yet been

generally recognized, that the ignition point is influenced in

g

a frequently unexpected way by the most varied chemical and phys—

ical célnditions. The ignition point depends on the pressure at
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The transformation and decomposition temperature of the fuel,
. the varied reactivity of the resulting intermediate products

thereby determined, the reaction velocity itself'influencéd by

all of these factors, the chemical structure, extent of satura-
tion, size of the molecules and mahy others, affect the ignition
point decidedly. |

In order to obtain to some extent an insight into this prob-
lem, the procedure and apparatus used in the ignition point meas-
urement must be accurately déveloped and established, which has
not been done in previous measurements. Further, it was neces-
sary to determine the ignition points of accurately defined sub-
stances, not useful technically, in order to obtain constants
and to evaluate the activity of such compounds as are either
present in small quantities in fuels or are frequently formed
during or shortly before the ignition and which influence it.

We measured the ignition points of numerous substances, not
previously investigated, in particular of chemically homogeneous
substénces, both with and without pressure and sought to provide

fundamental information through study and compilation, aocording

v

to series, of the ignition points of various groups of organic

chemicals, such as the hydrocarbons, aldehydes and ketones, alco-
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hols, acids and acid anhydrides, and so on, so that fuels blended

from these various compounds and arbitrarily mixed could be eval-

vated from the standpoint of their utility in the engine and so

that the way may be paved for the utilization in the engine Qf
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products not hitherto useful by blending according to predeter-

= mined-meanss

Moreover, the main object in view was the influence of in—
crease in pressure on the ignition point. Hitherto igniﬁioﬁ
point measurements have almost all been made at ordinary pres-
sures. -In the course of an investigation it appeared that small
fluctuations in the barcmetric pressure often had an appreciable
effect on the manner and the temperature of ignition. From that
it can be judged how different the ignition points must be at
atmospheric pressure as they are almost always measured and in
the Diesel engine. Ignition point measurements at atmospheric
pressure cannot be conclusive for the evaluation of a fuel for
use in an engine since the ignition points are frequently affect-
ed in an unexpected manner on increasing the pressure. For ex-
ample, addition of other substances, which lower the ignition
point at ordinary pressure, may ralse it at an increased pressure
such as prevails in the Diesel engine. This has also been shown
in practice. Thus, for example, mixtures of priming oil with
tar oil in practice do not give favorable results*, whereas the
ignition point examination at ordinary pressure indicates an
extensive lowering of the ignition point, Very frequently it
results that such a lowering of the ignition point does not con-
tinue on application of pressure, such as prevails in the engine.

Therefore ignition point measurements under pressure were accord-—

*P, Rieppel, "Research on the Use of Tar 0Oils for the Operation
of Diesel Engines." Mitt. Forsch. Verein. deut.
Ing., Vol. 5b.
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ingly undertaken by us under conditions as similar as possible
to tﬁoseragtually»p;gyg}ling in the Diesol,engine and for this
purpose a simple apparatus along the same principles was devised.,
Fromvseveral investigators it would be assumed that the
pressure under which ignition occurs in fhe engine, is without
_appreoiable effect on the ignition point or that it changes in
a constant manner with increasing pressure. Thus Alt* has given
a formula, according to which the ignition point in the engine
can be computed by multiplying by a factor the temperature ob-
tained in the measurement in the crucible. Such a formula and
the value thus obtained are not useful. The influence of pres-
sure 1s very appreciable and the ratio of the absolute tempera-
ture in the engine under pressure to that in the ignition point
apparatus at ordinary pressure is not constant for different
fuel oils as ALt and others assume. The change in the ignition
points of various substances with increasing pressure is very
different.. In fact, fuels designated by the same name, as, for
example, various gasolines and various kerosenes, differ very
appreciably with respect to the change of their ignition points
with increasing pressure on account of the differences in their
composition, For the most part, the ignition point is lowered
on increasing the pressure. However, there are many substances
with which it isg iaiéedwfé é dertain degree. Therefore, as al-
ready mentioned, ignition point measurements under pressure only

are capable of evaluating motor oils. Clearly with mixtures

*zZeitschrift des Vereines deutscher Ingenieure, 67, 686 (1933).
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Whlch are frequently employed to transform a material with too
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hlgh an 1Un1t10n p01nt 1nto one more uﬂeful thls is very ev1-

dent. Whereas at atmospheric pressure the ignition points are
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lowered to a large extent by the addition of very small quanti-
fieé of an easily ignifible substance, frequently these additions
cause no lowering at high pressure and in fact, the ignition
point can even be raised. OQur researches show, for example, that

a mixture of 20% of an easily ignitible shale oil or lignite tar

e T R R R PR T

0il with 80% of a coal tar oil, not readily ignitible, can have
-a higher ignition point under pressure than the pure coal tar
0il. Swmall additions of lignite tar oil or shale oil to coal
tar oil, which lowers the ignition point at ordinary pressure to
a marked extent has, in general, almost no value for Diesel en-
gines under pressure.

From our work it appears that the most economical way to use

fuels 1s always with mixtures. However, mixtures containing

less than 50% of an easily ignitible oil are rarely of value.
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Smaller additions have usually no favorable effect on the igni-
tion point.

8. The Chemical Reactions During Ignition

The chemical reactions which take place before ignition

ST

commences are extremely numerous. With many substances the ig-

B R v

nition point is so low that preliminary decomposition cannot

occur but the vapor or fog of the original substance ignites.
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With some substances thermal decomposition occurs before ignition.

..The. decomposition products. thus. produced can have different ef-

fects. If, for example, one of these decompdsition products has

a particularly low ignition point, then it depends upon the quan-

tity of this substance formed and the heat developed on its 1g-

nition as to whether it acts as an initial igniter in bringing
the residual substances to ignition or thther it would require

a higher temperature. In opposition to the substances which

form decomposition products before ignition, there are some which
polymerize and thereby have a high ignition point.

Some substances split off hydrogen, in particular those
with high ignition points as exemplified by the aromatic hydro-
carbons. If the products thereby formed have a higher ignition
point than hydrogen, the hydrogen will act as an initial igniter
and the ignition point of the substance will approach that of
the hydrogen split off.

Combustion is the process of taking up oxygen with loss of
heat. It can occur very slowly as in the case of animal organ-

isms or its velocity can be so rapid as to cause explosion. The

'ignition point is not the point where oxygen combines with the

substance concerned, but is the point where the velocity of this

_reaction becomes so great that complete combustion occurs almost

instantaneously.

‘We can assume that a silent invisible combustion occurs be-
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fore each visible ignition. This reaction 1s practically imper-
ceptible at ordinary temperature since its velocity is low and

the heat energy produced is dissipated. The reaction velocity
increases, however, with pressure and temperature and since the
reaction itself increases the pressure and temperature, the veloc-

ity increases until ignition occurs.

With substances of high molecular weight, which have a low

ignition point, we must assume that oxygen-containing organic

compounds such as aldehydes, aclids, and acld anhydrides are
first produced which, in consequence of their very low ignition
’f points initiate sudden combustion, 51though they are only pro-
| duced during this short time in limited quantities. Such oxygen
compounds form more rapidly and in larger amounts in the case of
unsaturated compounds. These can be present from fhe beginning
or they can originate by deoompésition of saturated compounds.
From these oxygen products others can form, which within a very
short momentary range of pressure and temperature are steadily
and so rapidly decomposed again that it has not as yet been pos-
sible to prepare them and therefore they have.not been taken in-
to consideration in explaining the processes of ignition. This
is the case with addition of oxygen to form molecular oxides and
"peroxides.
It is known that organic substances, in general, even sat-

urated compounds, should not be permitted to be in contact with

oxygen under high pressure, since there is always the possibility




S S e

=

g B

B ==

[ et USRS

N.A.C.A. Technical Memorandum No. 483 13

that through formation ofvmoleoular oxides and their transforma-

" "tion products; the peroxides, an explosion of the strongly endo-

thermic system may occur in consequence of initial ignition.
Such molecular oxides form very slowly at ordinary temperature,
while at higher temperatures, their production has not as yet
been successful due to their instability. Nevertheless, one can
very well consider that, with ignition on heating a fuel, thé
zone of psroxide formation is regpidly advanced and it reaches
the stage of initial ignition on account of the formation and
instantaneous decomposition of even these very small amounts.
The formation of molecular oxides (peroxideg) occurs to an
appreclable extent with many chemical substances, which also
exist in cracked oils and influence the ignition point in a de-
cided manner. Further unsaturated cowpounds, which form molec-
ular oxides or peroxides, are produced by thermal decomposition
of saturated substances such as pazraffin, so that one must as-
sume that the ease of peroxide formation from the decomposition
products determines the low ignition point of the easily decom-—
posed substances, and not the decompositicn itself as Holm as-
sumed., Substances which readily take up oxygen with formation

of molecular oxides have therefore the lowest ignition points.

- Then-on the decomposition of these, which occurs very easily

and explosively, so much heat is generated that it suffices to
bring the whole mass to the point of ignition. In the manufac-

ture of explosives the detonation temperature is understood to
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be that at which an initial igniter will explode without mechan-
iddi%aé;isféﬁEéQt'fh“éﬂiéfégiseriés of organic compounds, the
height of the ignition point frequently depends‘upon the detona-
.tion temperature of the oxygen products formed. The initiation
of explosion must also depend on the quantity of the initial ig-
niter formed. The greater therefore the partial pressure of the
oxygen, the more molecular compounds oaﬁ be formed, so that in
general the ignition point in pure oxygen is lower than in air.

On the other hand, at higher partial pressures of oxygen,
it can happen that, before the oxygen—containing substances al-
ready formed decompose or ignite, they react further with oxy-
gen forming a material of higher detonation tem@erature, whereas
with lower oxygen partial pressure, such as in air, decomposi-
ltion occurs, before these silent additional oxygen reactions
take place. The paradoxical case then appears that the igni-
tion point in pure oxygen is higher than in air.

The ignition point accordingly would be lowered by very
small quantities of peroxide-forming substances. In general.
compounds with olefinic double bonds are particularly suilted
for peroxide formation just as are the oxygen—containing Sub-
stances, which are inclined to form oxonium compounds. Unsatu-
rated compoﬁnds"Can'be formed by decomposition of saturated ones.
‘The possibility of decomposition incréases in the case of ali-
phatic substances with increasing number of carbon atoms and the

decomposition occurs at correspondingly lower temperatures as
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the .size of the molecule becomes greater., This is also the rea-
son why the apparently -stable paraffins ignite with considerably
greater ease than the lowest boiling gasoline and why the igni-

. tion point generally drops with increase in the size of the mol-
ecule.

It can be established that peroxides are actually formed
but whether these are organic molecular oxides, true peroxides,
or hydrogen peroxide, cannot be decided. However, this does not
alter the conception of the process since hydrogen peroxide as

well as organic peroxides also should influence the ignition in

the presence or organic substances.

Experiments wereé so conducted that the air flowing into the

ignition biock (See Part II, Technical Memorandum No. 484 -
Experimental part) passed through a very short glass tube at-
tached to a wash bottle. This contained 5% potassium iodide
solution slightly acidified. At various temperatures just below
' the ignition point, a rapid stream of air was sucked through both
ﬁ the ignition block and the wash bottle by means of an aspirator.
The fuel was added in drops as in the ignition point measurements,
oi in the case of solid substances in very small quantities by
‘means of a spatula. Mixing of the vapors with air occurred in
'the crucible. The formation of peroxides could be established by

the liberation of iodine in the potassium iodide flask, the io-

dine being identified in this work by means of starch.
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Paraffins took up oxygen even at 150°C and the displaced
ﬁ;&iééén burned to water. Peroxide formation commenced at 350°C
and was greatest at 300°, the liberation of iodine being consid-
erable. If iodine is liberated and if further guantities of
the paraffins are added to the érucible, the gold color of the
iodine solution disappears in a short time and appears again
later. This can be explained on the grounds that unsaturated
substanées are first formed on decomposition of the paraffins:
and that they combine with the active iodine. The unsaturated
substances resulting from thermal decomposition form peroxides
which cause the low ignition point of the paraffins.

With dehydrated lignite tar, the first peroxide formation
occurred at about 350°C. With oil from lignite tar, }reed from
paraffin, peroxide formation occurred at about 350°C and was
slower than with pure paraffin. In addition, peroxide formation
was established with the following: turpentine oil, and gasoline
from petroleum (uncertain).

Various petroleum products were investigated. Work on
stearic acid was done at about 300°C. With shale oil, the for-
mation of unsaturated compounds was so appreciable that the ilo-
dine previously formed was taken up again. If fresh iodine 1is
‘added to the solution, it will be immediately absorbed and the
solution will again become colorless. With cyclohexanol detec-
tion of peroxides was not possible, whereas the decomposition

products of methyl cyclohexanol combined with iodine added to
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the potassium iodide solution.. With benzene and xylene, neither
liberation nor absorption of iodine occurred., Naphthalene pro-
duced iodine-absorbing decomposition products. Aniline forﬁed
a large amount of peroxide and the iodine liberated was not ab-
sorbed by the decomposition produCts, the temperature in this
investigation being about 500°C. |

These -peroxide~forming substances with such properties could
be added to oils which ignite with difficulty and thus cause an
explosive substance to be formed in the motor which, furthermore,
is more effective than the initial igniter usually used. How-
ever, peroxide formation appears to decrease with increasing
pressure or to be entirely annulled, for under pressure small
quantities of perexide forming substances do not cause further
lowering of the ignition point. The phenomena reminds one of
the behavior of phosphorus in oxygen, where only under a certain
oxygen partial pressure does a luminous reaction occur.

The oxygen reactions before ignition, described above, have
hitherto been too little considered. It was only known that the
ignition poimt is frequently lower with substances not readily
inflammable, that easily decomposable substances in which the
0-C linkage is looser than the C-H linkage ignite the easiest,
and that in an homologous series, the ignition point decreases
with increasing size of molecule., It was assumed that loosening
of the vapor molecules occurred in a direction determined byi

theilr chemical constitution and the valences made reactive
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through this loosening oaused'a sudden absorption of oxygen,

that is, ignition took place.* Thermal decomposition can even
occur to a small extent on ignition in Diesel engines, where
frequently only 0.0l second can be assumed for it. If is there-
fore not possible, as Wartenberg** also emphasizes, for the cn-
tire or a greater bart of the fuel to decompose before ignition
in the Diesel engine. Thermal decomposition and the activity

of the compounds thereby formed are alone not sufficient to ex-
plain avtoignition, in particular with substances which them-.
selves ignite at a much lower temperaturc. If, on the other hand,
it 1s assumed that the original substances or their thermal de-
composition products, within the rapid pressure and tempcrature
rise, take up oxygen to form molecular oxides which, in conse-
quence of their stability, exist only during a short, rapidly
passing pressure and temperature interval before they suddenly
decompose, then it can be supposed that the ignition of the en-
tire fuel is affected by the shattering power of this decompo-
sition of the very small Quantities of such substances. Besides
the information obtained in the experiments on iodine liberation,
other striking phenomena agree in indicating that autoignition
follows the formation of molecular oxides, particularly in the
case of substances with a low ignition point. Among such phenom-
ena are the variable effect of pressure on the ignition point;

the great sensitivity, already mentioned, of some substances
*Wollers & Ehmke, XKrupp. Monatsh., 19231, p. 19.

**Zeitschrift des Vereines deutscher Ingenieure, 88, 153 (1934).




Wi
1
&

chg

S =

N.A.C.A. Technical Memorandum No. 483 ‘ 19

which give different values on Elﬁotuatiqn of the barometric
pressure; +the circumstance thét the ignition point of many sub-
stances rises with increasing partial pressurc of oxygen; and
the fact that the ignition point in air at 5 atmospheres is in
general not equél to that in oxygen.

Since oxygen compounds which influcnce the reactions orig-
inate before and during the burning, we considered the measure-
ment of the ignition points of pure oxygen—containing substances
to be important and we measured them systematically.

As has been already mentioned, those substances which even
in the cold form addition products with molecular oxygen, have
the lowest ignition points of which we are aware. Thus, for ex-
ample, the aldehydes have proportionately low ignition points
(see Part II, Technical Memorandum No. 484, Table VIII). Further,
acetaldehyde has the lowest of all ignition points as yet deter-
mined. This holds equally for benzaldehyde. Whereas the remain-
der of the aromatics have in general very high ignition points,
benzaldehyde ignites at a proportionately lower temperature.
Autoignition in air occurs at 180°C and in oxygen at 168°C, where-
as benzoic acid in air does not ignite even at 650°0, and in ox-
ygen ignition occurs at 590°C. Formaldehyde constitutes an ex—
ception as the first number of a series, for it does not behave

as the above-mentioned aldehydes, and has in contrast to them a

. very high ignition point. The ignition points of aldehydes, in

air and oxygen, are brought together in the following table:
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Ignition point

T _' ‘In‘air" Ih oxygen
°¢ °¢
Formaldehyde 478 433
Acetaldehyde ’ 185 140..
Propylaldehyde 280 260
Valeraldehyde 417 200
Salicylaldehyde 373 263
Benzaldehyde 180 168

As is evident, salicylaldehyde has a significantly higher
ignition point than benzaldehyde. This is understandable since
salicylaldehyde is a mych more stable compound chemically than
is benzaldehyde, and is appreciably more difficult to oxidige.
The ketones have on the average very high ignition points. Ace-
tone, for example, does not ignite in air even at 650°C, while
in oxygen it ignites at 588°¢C.

The readily oxidizable ethyl ether, which forms a known
peroxide, has a very low ignition point. The difference between
the ignition points in air and in oxygen is in this case signifi-~
cantly greater than with the aldehydes. Thus ethyl ether ignites
in air at 343°C, which is relatively high, and in oxygen, on the
other hand, even at 178065

In connection with the ignition points of the alcohols the
first member of the series, methyl alcohol, here again shows a

different behavior than its homologs.
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Ignition point

Inogir In ggygen
Methyl alcohol - 555
Ethyl alcohol 558 | 435
, Propyl alcchol 505 445
f; Isopropyl alcohol 590 513
i n-Butyl alcohol 450 385
} tert-Butyl alcohol - 500
2 active Amyl alcohol 409 390

As 1s apparent, these alcohols have a very high ignition point.
fhe behavior of the isomeric alcoheols is interesting. Isopropyl
alcohol has an appreciably higher ignition point than the iso-
meric normal propyl alcohol. The polybasic alcohols have appar-

ently high ignition points. Thus, for example,

Ignition point

In air In oxygen
°¢

e
i Glycerin 500 414

Mannit 475 400

The ignition points of the unsaturated alcohols are inter-—

esting in contrast to the corresponding saturated alcohols.
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Ignition point

: Inogir““'In gxygen
A11yl alcohol 367 406
n-Propyl alcohol 505 445
Isopropyl alcohol - 590 512

Al1lyl alcohol ignites in air at a lower temperature than in
oxygén. Compared with propyl alcohol from which'it differs only
through a double bond, the differendé.in the ignition points in
alr is very large, whereas those in oxygen are apparently gimi-
lar.

As with the previous substances, the first member of the
homologous series of acids shows a different behavior, as is
generally the case in organic chemistry. That is, formic acid
has so high an ignition point that neither in air* nor in oxy-
gen up to 680°C can an ignition point be obtained. In the fol-
lowing table, the ignition points of the acids in air and oxy-

gen are brought together.

*Either this statement or the value of 650°C given in the table
immediately following for the ignition point in air appears to.
be in error. - Tr.
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Ignition ppint

Inogir In 8gygen
Formic acid ' 6850 above 680
Acetic acid 865 560
Heptylic acid 602 260
Nonylic acid 391 850
Lauric acid 533 375
3! Palmitic acid 425 345
;% Stearic acid 430 250
Lé Undecylenic acid 338 245
(unsaturated)

Here it is again seen that a double bond (undecylenic acid)
gives a remarkably low value, particularly on ignition in air.
The acid anhydrides have lower ignition points than the corre-
sponding acids. They show the following behavior.

Ignition point

In air In oxygen
o¢ oC
Acetic anhydride b85 432
Butyric anhydride 320 370
Valeric anhydride 320 365

- In this case also two substances, butyric and valeric anhydrides
Al

have ignition points in oxygen higher than in air. The knowledge

of the ignition points of acids and their anhydrides is- important
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since we can assume that they can appear as intermediate products

With substances which cannot form oxygen derivatives, the
ignition points are usually high and frequehtly at temperatures
where hydrogen is split off. The hydrogen then obviously starts
the ignition. » This is the case with aromatic hydrocarbons.
The ignition point of aromatic hydrocarbons with side chains.is
lowered and indeed, the longer the chain, the greater the lower-
ing, as is true in general, the properties of aromatic.substances
with long side chains tending to approach those of aliphatic sub-
stances.

3. The Supersaturated State of Crganic Compounds

Preliminary Communication by J. Tausz

The saturation characteristics of hydrocarbons are not only "

a function of the constitution, but also of the temperature and
the pressure. 1In general, hydrocarbons are divided into satur-
ated and unsaturated, as is the case with organic compounds, on
the whole., We do not, however, agree with this subdivision, in
particular if higher temperatures and pressures are congidered,
for under those conditions it can happen that a hydrocarbon can
give off hydrogen. I choose to designate the hydrocarbon in

this cdse as supérsaturated and thereby exﬁress the idea that

the carbon skeleton is overloaded with hydrogene
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It is important, therefore, to note that an organic compound-
does not come under one of these states, but that each compound
can exist in each of the three states depending upon the temper-
ature and pressure. By increasing the temperature, an unsaturated
substance can be changed into a saturated one. With further in-
crease in temperature, this becomes supersaturated. For example,
at 1800 and ordinary pressure, benzene is an unsaturated substance,
which particularly in the presence of catalysts, takes up hydro-
gen and is quantitatively transformed to cyclohexane. At 300°¢,
benzene is saturated. Hence the various equilibriums between

benzene and cyclohexane can be written
GSHB + SHB ps— CGH]_B

At 180°C, the reaction proceeds mainly from left to right.
Between 180°C and 300°C, various equilibrium states exist between
benzene and cyclohexane. At 300°C, the reaction proceeds almost
quantitatively from right to left. At still higher temperatures
benzene is thus supersaturated. Two benzene rings react by split-
ting off hydrogen and forming diphenyl. The supersaturated con-
dition in this case affects the ignition in so far as it fntro—
duces the hydrogen split off.

In an homologous series, the supersaiurated state occurs at
lower temperatures as the molecular weight increases, so that the

paraffins with high molecular weights reach supersaturation at

lower temperatures than those of low molecular weight. Since



N.A.C.A. Technical Memorandum No. 483 26

substances in the supersatuiated étatg are most reactive, the pe-
culiar apparent behavior of paraffin hydrocarbons during the

first momént of igﬁifioﬁ‘is"intelligible. The paraffin hydrocar-
bons with high molecular weight have a:lower ignition point than

those of lower molecular weight. Thus, for example, solid paraf-

7 Tin ignites at about 410°C whereas hexane first ignites at 48?00.

Further, on increasing the pressure,.the temperature range
of the saturated, unsaturated and supersaturated states is dis-
placed.

It is therefore readily conceivable that the change in the
saturation characteristics with change in temperature and pres-
sure 1s of significance in connection with ignition and in par-
ticular with the chemical reactions preceding it. At ordinary
temperature and bressure, the saturated compounds change over
into the supersaturated or unsaturated state, which occurs at
measured temperatures and pressures. If in the supersaturated
state the substances react readily with 6xygen, molecular ox-
ides or peroxides are formed either by producing hydrogen perox-
ide from the hydrogen split off in the reactive state or by the

taking up of oxygen by the compounds formed.

4, Possibility of the Use of Ignition Measurements

in Organic Chemistry

Although the ignition point is a complicated phenomenon,
and depends on many factors, it is very characteristic for each

substance, so that I (Tausz) consider it to be suitable as a new
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instrument in organic chemistry and in particular to be of use
for the ldentification of substances which, for example, have no
definité melting orhboiling points. Pure substances particularly
show very sharp and characteristic ignition points.

. Clearly the many possibilities of decomposition and reaction
determine the ignition since, for example, impurities can act aé
initial igniters and thus can be very sharply detected. The
slightest impurity lowers or raises the ignition point immedi-
ately. I mention the interesting fact that in spite of several
measurements of the ignition point of pure benzene, it was still
not known, since the various workers.had actually investigated
no chemically pure benzene, as they attributed no great signifi-
cance to this point. With ordinary benzene, we also reproduced
the previously measured value of 570°C. However, chemically pure
benzene had an ignition point of 6623°C, a much higher temperature.
This is entirely general, if the substance under consideration
has a very high ignition point. The basis for this is easily
inferfed from the initial ignition mentioned above.,

Compounds which already contain oxygen or sulphur ignite
the most readily. They frequently only need to be mixed in
traces with a hydrocarbon as so often happens or with any other
less reactive, high-igniting substance in order to act as an in-
itial igniter and thus they indicate their presence.

For various substances, not only is the temperature charac-

teristic but also is the manner of ignition and it includes in-
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formation Wherebyvthe substances can be very accurately known
_or differentiated. Between the addition of the igniting material
and the occurrence of the explosion a time interval elapses,
which we term the time lag. Here naturally the velocity of the
reactions taking place before'ignition is significant as well as
the explosive limits of the air or oxygen mixtures. The flame
originating at the ignition poiht has various fofms and sizes.
The most intensive illuminations are perceptiﬁle when oxygen is
used.

‘Sinoe the difference in the ignition points in air and in
oxygen is particularly characteristic, it is recommended that
both measurements be employed for purposes of identification.
Substances which in alr have approximately equal ignition points
frequently show very great differences in oxygen and inversely.
Often there is no difference between the ignition points of a
substance in air and oxygen. For the most part, the oxygen ig-
nition point is lower than that id alr, but that is not always
the case, as already mentioned, for there are apparently many
substances which have a higher ignition point in oxygen than in
air. How this is possible, can be explained as follows. In
the case of measurements in oxygen the primary substances formed
before ignition can take up more oxygen than when in air, and
Vthe more strongly'oxidized‘bodiesAthus fbimed have a higher ig-
nition point. Substances also occur which have two ignition
points, in between which lies a temperature range where only

silent combustion occurs.
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Research is still in progress on the influénce of'the pres-—
ence of water vapor .on.the ignition point and on the shortening
of the time lag by overstepping the lowest temperature at which
autoignition still occurs. The time lag especially must be elim-—
inated in investigations on fuels for the purpose of estimating
their utility in combustion engines, since ignition in the en-
gine occurs momentarily and therefore designation of the igni-
tion: point as the lowest temperature is really not significant,
but rather is the lowest temperature at which ignition still oc-
curs with the necessary velocity, that is, momentarily after the
addition of the substance.

In order to check the apparatus and to establish comparabil-
ity with work in other places, substances which were easily ob-
tainable in very pure form were investigated and adopted as cal-
ibration substances. Since the sucrose used in calorimetric
measurements is also very well qualified for this purpose, al-
though it does not belong to those substances which ignite unde-
composed and extensive decomposition and chemical reactions oc-
cur before it ignites, it demonstrated that thé reproducibility
and sharpness of the ignition point was not influenced by the
Teactions mentioned. It is also evident therefrom that the most
favorable composition of the mixture is always presint in some
one place in the crucible and from there ignition spreads.

Finally a probable connection 6f the ignition point with

the physiological phenomena of combustion should be mentioned
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here. Almost all foods have a low ignition point as compared

“with many substances acting-as metabolic poisons, such as ben-

zene, kerosene, acetone and so'on, which have a very high igni-
tion point. That chemically pure benzene (ignition point 662°¢)
is significantly more poisonous than technical benzene (ignition
point 570°C), is a known fact which was not clear until now.
Turpentine oil acts as an antidote to kerosene and benzene, theL
ignition points of which are very markedly lowered by small ad-

ditions of the former.

5. Critical Review of Previous Work on Ignition Points

and Combustion Reactions in Diesel Engines

Rieppel* made an interesting "Research on the Use of Tar
0ils for the Operation of Diesel Engines," and in order to find
the basis for the different behavior of cils, he measured among
other things, their specific gravity, heating value, viscosity,
flash point and burning point, paraffin content, elementary com-
position and boiling range. However, none of these measurements
gave a definite criterion. The useful oils had a larger hydro-
gen content, yet Rieppel recognized that this was only an ex-

ternal basis and that the internal one is to be sought in the

-fact -that readily igniting aliphatic hydrocarbons contain more

hydrogen than the aromatic ones which ignite with difficulty.

He considered therefore that the hydrogen content, given by the

*Zeitschrift des Vereines deutscher Ingenieure, 1907, p. 618.

Mitt. Forsch. Verein. deut. Ing. 55, (1908).
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elementary analysis, was fundamental since out of that a conclu-
...81lon douldybeﬂdramn with regard to the presence of known quanti-
ties of aliphatic or aromatic hydrocarbons. In general, this
still is accepted to-day.

Rieppel also wanted to measure the autoignition temperature

(ignition point) under pressure, but did not accomplish it, how-
ever. Instead of this, the vapor pressure of oils at different
temperatures and the formation of oil gas were investigated.
This work led to the conclusion that the formation_of oil gas
has a decided influence on the utility of an oil for Diesel en-
gines. This is, however, a false inference. Rieppel explained
this on the basis that hydrogen was split off, which ignited
even at 500°C and so initiated autoignition of the residual mol-
ecules.* According to this work, it was believed that the key
to the evaluation of the utility of motor oils in .Diesel engines
was to be found in their different behaviors on heating in a
bomb. These conclusions were worked out exhaustively by Neumann**
and accepted by Riedler - Loffler.*** Rieppel also sought to
find an inexpensive operating substance by mixing good fuel oil
with coal tar. His practical results agree with our ignition
point results on mixtures under pressure (See Part II, Technical

Memorandum No. 484 — table of Experimental Results of Series B

(Figs. 8-13) and will be discussed further.

*According to Wartenburg, hydrogen ignites first at 643°¢,
while according to our work it ignites at 630°C (in oxygen).
 **Zeitschrift des Vereines deutscher Ingenieure, 83, p.706 (1918).
***Olmaschinen, Berlin, 19233. .
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The first person to recognize fully the practical signifi-

‘cance of autoignition temperatures and to determine the ignition

points of various fuels,* was Holm.** He measured the ignition

‘points with the following apparatus: "In the cylindrical heated

space of a Hereaus tube furnace was placed in an upright posi-
tion along the vertical axis of the porcelaim tube an inverted
glazed porcelain crucible cover. On the cover was located the
bare soldered junction of a Pt, Pt-Rh thermocouple, which indi-
cated the temperature on a suitable galvanometer. A slow stream
of air passed through the combustion chamber. The liquid fuel
was allowed to fall in drops on the cover, while solid fuels
were pulverized, and the cover was heated by 10° intervals until
ignition occurred." This apparatus did not yield accurate val-
ues and Holm considered it practically impossible to create a
technique which would permit accurate reproducibility and to
measure for each substance an absolutely definite autoignition
temperature.

On comparison of the ignition points of gases and liquid
fuels obtained by him, it was remarkable that the tendency to-
wards autoignition frequently did not parallel the inflammabil-

ity. One should at first think that a combustible gas 1is subject

*The ignition of gases was studied exhaustively by Dixon, among
others. We 1limit ourselves in this work to the ignition of 1lig-
uid or solid substances at ordimary temperatures. Our researches
on the ignition of gases are still in progress and are reserved
for later publication. : "

**Z. angew. Chem., 38, p.273 (1913). Constam and Schlapfer had
previously concluded a similar research, the results of which
were, however, published later (Z. angew. Chem., 36, 353 (1913)
and Z. Verein. deut. Ing., 1913, 1491.)
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to the influence of the oxygen which supports the combustion on

~account of the mutual penetration and better contact of the parts,

more so than with a liquid or solid fuel. But nevertheless, in
general, gases showed a higher ignition point than solid sub-
stances of high molecular weight and Holm recognized that another
facter must be significant for the origip of autoignition. This
factor was regarded as the activity of the free valences on de-
oompositidn of the fuel through transformation, cleavage, and
rearrangement. Although he could observe the silent combustion
ococurring before ignition, he attached no significance to it,
and disputed before all the impoftanoe of using unsaturated com-
pounds because "double bonds in themselves are stable at relé—
tively high temperatures in free oxygen, as the ignition points
of liquid fuels with ethylenic bonds and as ethylene itself shows.
The splitting off of hydrocarbon groups from saturated chains is
in any case greater, therefore a saturated paraffin decomposes
and ignites at low temperatures.®

It is known, however, through the study of cracking processes
and other ihvestigations that even on decomposition of a paraffin

unsaturated hydrocarbons in addition to saturated, always results

" Thus the paraffin hydrocarbon (jsHpg decomposés into hexane

OgH14 and hexylene OgHiz, and We can establish that the igni-

tion point of a paraffin of approximately this composition corre-
sponds actually to tﬂat of hexylene. The activity of ethylene

is ,also signifioanﬁly smaller than that of its homologs. The ac-




N.A.C.A. Technical Memorandum No. 483. 34

tivity of the free valences on decompbsition, emphasized by Holm,
is the cause of the origin, already discussed, of oxygen cém-,
pounds and molecular oxides, for on decompositioﬁ of a paraffin,
olefinic compounds, along with saturated ones, always form and
as already menfioned, these can form molecular oxides the most

readily. That the'decomposition alone cannot cause the low igni-

tion point, results also from the work of Wollers and Ehmke*
which indicates that the decomposition products produted in the
ﬂ» absence of oxygen ignite much higher than the original substances
: of high molecular weight. That fuels, which already contaln ox-
ygen, such as turf, cellulose, and lignite, ignite much lower
than carbon and anthracite, is further evidence for and not
against our views.
That the ignition point is independent of the boiling point,
; vaporization, flash point, burning point, and so forth, has been
emphasized by Holm. The influence of catalysts on gases is very
great and not completely eliminated and it decreases with in-
creasing size of the fuel molecules.
Simultaneously with Holm, Constam and Schlapfer** independ-

ently examined the utility of various fuel oils and measured

Vo e ¢ B i — < e LT e e

among other properties their ignition points. They used a plat-
 ; inum druoible which was placed insidé of another larger one, the
intervening space being filled with sand. The crucible was cov-

ered with an asbestos cover provided with a notch for a Pt,

*Krupp. Monatsh. Jan., 1931.
**7eit. des Verein. deut. Ing. 57, 1489 (1913).
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Pt-Rh thermocouple and a gas inlet tube. It was heated by means
_Qf,a;smalleunsen-flame.w«Forua very -large number of liquid fuels
there were measured in addition to the ignition point, the specif-
ic gravity, viscosity, flash point, burning point, heating value,
asphalt content, elementary composition, boiling range, composi;
tion of fractions and mechanical impurities. At the same time,
the oils were tested in the Diesel engine. Constam and Schlipfer
did not reach any uniform viewpoint, but are of the opinion that
all of the physical and chemical properties must be'considered;
which would only be possible on the basis of a complete investi-
gation. But according to their researches, none of the factors
némed was definitely significant, so that there only remained
the undertaking of work with the engine itself. Constam and
Schlapfer declared that the measurement of the autoignition tem-
peratures was not suitable for an evaluation of utility. They
‘could be used at most for differentiating between different
classes of fuel oils. As an ekample, they quoted that an unsuit-
able oil ignites at a lower temperature than a suitable one.
On consideration of the tables it is seen, however, that the

-

difference in the ignition points with the fuel oils investigated

existed only with the measurements in alr and that with the meas-

‘urements in oxygen, they _had already disappeared so that it can

readily be imagined that the curves of the ignition points inter-
-sect with increasing partial pressure of oxygen and that the

better oilQ igniting at a higher value at ordinary pressure,
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will ignite at a lower value in the engine under high pressure.

By measuring the ignition point under pressure, values would

therefore be obtained which would compare with the behavior in
the engine. Later we will return to this.in connection with our
work on the effect of pressﬁrea

Gonstam and Schllpfer also measured the ignition poinmt -in
nickel and porcelain crucibles. Since the values in the nickel
and platinum crucibles agreed, while those in the porcelain, cru-
cible were much higher, they considered the latter to be incor-
rect. Since, however, nickel as well as platinum are good cata-
lysts, particularly for the ignition of hydrogen, which is fromed
from the decomposition of coal tar oil, among others, as Wollers
and Ehmke showed, the values obtained in the porcelain crucible
are the more correct, particularly with high igniting substances.
According to Constam and Schlapfer, the fundamental difference
between the two classes into which Rieppel divided fuel oils is
that coal tar oils before they ignite must experience an exten-
siwe decomposition, whereas the combustion of petroleum and 1ig-
nite tar oils are initiated by inflammation of their vapors.
From much other work, it results, however, that even those sub-

srances which must experience an extensive decomposition, like

paraffin, for example, ignite lower than their homologs in which

decomposition before ignition is less. One must rather seek
the explanation on the basis that the decomposition of coal tar

0il first takes place at a higher temperature, whereas, for ex-
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ample, with paraffins, deoomﬁosition occurs already at lower tem-—

-

: peratures'and.theygqpqn,_oesides hydrogen, there are formed un-
saturated substances which react readily with oxygen.

Moore* measured ignition temperatures with ah iron block
heated by a gas flame and containing a recess in which a platinum
crucible was placed. The thermocouple was situated in a hole in
the iron block. By this means the temperature distribution was
significantly improved and the catalytic effect of the thermo-—
couple was avoided. On the vasis of the values found, Moore
computed the resulting theoretical final compression pressure.'
As already wmentioned, no such calculation is permissible. The
computed pressure actually does not agree with the lowest pres-—
sure obtained in the engine.
| Wollers and Ehmke have improved the ignition point apparatus
of Moore and have produced an apparatus which is known as the
Krupps Ignition Point (for a description, see Part II, Tech-
nical Memorandum No. 484, p. 11 ). They have measured the igni-
tion points in oxygen only and have obtained results consistent,
on comparison, with earlier measurements. In opposition to
Constam and Schlﬁpfer, they consider that the ignition point is
of great importance in the evaluation of fuel oils. For the
theory of the process, they annex the conception of Holm. They
éésumé fhéf ﬁiiﬁureé igniting eqﬁally high at atmospheric pres-
sure will also ignite equally high at high pressure, which as we

.can prove, is not entirely correct.
*Journal of the Society of Chemical Industries, 1917, p. 109.
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From the standpoint of our investigation, the most important
result of the work of Wollers and Ehmke is the refutation of the
conception generally held since Rieppel and Neumann, that vapor-
ization and gasification (oil gas formation) is of fundamental
significance in connection with ignition in the engine. Wollers
and Ehmke produced gaéeous products from various fuel oils at
various pressures and temperatures with the.apparatus of Neumann
and méasured the ignition temperatures of these gases in Dixon's
apparatus. It was thereby established that the ignition points
of such gases were relatively high and that with low igniting
substances, the original substance ignited much 1éwer than the

gaseous products. The following table is taken from Wollers and

Ehmke.,*
Ignition temperature | Ignition temperature
of the o0il gas in of the fuel oil in
Fuel oil oxygen with the a stream of oxygen
Dixon furnace in I.P. tester of
. Moore
Paraffin oil 614 — 6550 84O°I
Light oil from
native tar 615 —~ 8510 3360
Tar oil 645° 445°
Vertical oven tar 635 - 6861° 468°

Thus the gaseous products do not show the differences

wwhibh are nofed‘on useuéfﬁfhe fuel bii in %the engine. Also

vaporization cannot be of influence since the ignitiom point fre- -

quently lies under the boiling point.

*Krupp. Monatsh., 3, 14-(19231).

It must therefore be con-
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cluded that oil gas formation does not act in the Diesel engine
in the manner considered by Rieppel. and Neumann. (According to
Wartenberg, the temperature in the combustion chamber before ig-
nition is too low and the time much too short for pyrogenic de-
gomposition to occur.)

The basis, therefore, for the conclusion that the ignition
points in the opem crucible, although they are not significant
for conditions under pressure, still afford a criteriom for the
behavior of fuel oils in the Diesel engine, even though gasifi-
cation is meaningless, is that the heating in the engine as in
the crucible takes place in an atmosphere containing oxygen and
before the ignition, primary oxygen compounds are formed, which
as our ignition point measurements on pure substances show, have
a very low ignition point and thus they influence the sudden
pressure and temperature increase and finally the quick combus-
tion of the entire fuel.

The oil gas formed on heating the fuel oil in a bomb includ-
ed decomposition products which formed in the absence of oxygen
and had 2 high ignition point. ‘Aliphatic fuel oils produce 1it-
tle hydrogen and much ethylene. Aromatic fuel oils produce much
hydrogen‘and almost no olefinesd{ According to our work, the ig-
nition points of aromatic fuel oils are higher than is givgn in
the preceding table and in fact they are approximately as high

as the gaseous products, since with aromatic fuel oils the igni-

tion point is actually determined by the hydrogen split off. It
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is hardly to be agssumed that thermsl decomposition does not oc-
cur at all and that the combustion, as Wartenberg thinks, only
proceeds during fhe shoxrt fime immediately in the vapor envelope
around the drops and that the drops remain over until combustion
is complete, According to this conception, sudden combustion bn
great velocity of reaction with oxygen is inconceivable for it
would not come fully into intimate contact with the fuel mole—
cules. Much more frequently, thermal decomposition occurs and
the resulting products, in particular the olefines, react to
form oxygen compounds such as molecular oxides. The primary sub-
stances thus formed initiate ignition, even if they are formed
Tfirst in very small quantities, and they undergo sudden decomposi-
tion, thereby effecting significant temperature and'pressure
rises and resulting in a further scattering and more intimate
contact of the fuel molecules with oxygen.

With fuels which produce almost no olefines in gasification
experiments, but hydragen and methane in large quantities, it
can be assumed that the hydrogen initiates the ignitien, although
this is exactly in opposition to the conception of Rieppel al-
ready mentioned on the iess.useful fuels. Their ignition points
are correspondingly .in the neighborhood of the ignition point of
hydrogen. -

Wartenberg* is of the opinion that immediately on ignition

the first quantity of vapor which is developed burns and surrounds

the drops assa burning'envélope.: The oxygen must diffuse through
*Zeitschrift des Vereines deytscher Ingenieure, 68, 153 (1934).
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this shell in order that further vapor may burh, The velocity of
burning would be 1imited by the physical process of vaporization
and by the diffusion of oxygen.- Around each burning drop a shell
is formed out of the products of combustiom, water and carbon di-
oxide, produced in the first instant, through which the fresh air
must diffuse, if the diffusion path can be made small through rel-
ative motion of the air and the dropss Accordingly, fuels which
need little oxygen ignite easily while with others, the ignition
de?ends on the hydrogen content.

However, this does not happen. O0lefinic hydrocarbons ignite
much more readily than saturated ones and indeed, the easier the
more double bonds and the less hydrogen they contain. As Warten-
berg correctly emphasized, complete vaporization and extensive
pyrogenié decomposition is not possible during the short time of
0.01 second. According to our opinion, however, it is inconceiv-
able that ignition proceeding so rapidly can depend on the diffu-
sion of oxygen. One must rather differentiate shar¥ly between
ignition and completion of combustion. For the one fineness of
subdivision has a great effect, but mich less for the other. The
work of Haber and Wolff¥s have shown that combustiom is more inoom4:
plete, the larger the drops. With fine subdivision, the oomplete—‘
ness of combustion can therefore be very much favored. But as
the explosive limits do not change thereby,'neither does‘the ig--

nition point, that is, the temperature at which ignition occurs

*Z. angew. Chem., 38, 373 (1923).
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or the compreséion pressure which must be produoed (see Part IT,
Technical Memorandum No. 484, p. 11).

Hawkes* has devised an experimental arrangement for the
measurement of the ignition temperature and pressure adapted

to conditions in the Diesel engine. He investigated with It

AN

Al

only a single oil, namely, shale oil of specifie/gravity 0.86
at 168°C. After he had determined by work with a Diesel engine

that the ignition delay in the engine amounted on the average

to 0.04 sec., he conducted work at different temperatures and
pressures with the above—mentioned apparatus until the ignition
delay of 0.04 sec. was attaineds In this manner, the so-—called
practical ignition point of shale oil, used under the given hy-
pothesis, was measured. Thevchange in the ignition delay with
increasing temperature was exhibited by means of a curve.
Whereas the lowest temperature at which ignition still occurred
was 2306°0 with a delay of 3.5 sec., ignition at 350°C occurred
immediately, that is, within 0.04 sec. This is the "practical
ignition point" referred to, as Hawkes terms it.

To be followed by Technical Memorsndum No. 484, Part II.

Translation by Oscar C. Brldgeman
Bureau of Standards.

*Engineering, 110, 786 (1920).
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