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I. Introduction

A study of the spontaneous ignition characteristics of lubri-
cating oils has been considered important by the National Advisory
Coamittes for Aeronmutics because the spontaneous ignition of
lubricents by hot surfaoes is a major factor in the initiatién
of fires in airoraft. For this reason the National Advisory Com-
mittee for Aeronautics has sponsored & series of research projects
at the Applied Science Research Laboratory to pursue a study of
this problem. The study conducted at this leboratory may be divided
into three principle phases.

First, spontanedus ignition temperetures of a number of pure
chemical compounds have been determined. 1In the selection of these
compounds attention was given to simple molecules which would oom-
pare with the structural‘units found in fuels and lubricants. The
effect of metals and additives on some of thesg pure compounds was.
studied. Definite correlation was observed betwéon spontaneous
ignition and chemical struoture of these campounds.

Second, the test procedure was extended to a wide variety of
lubricants to observe whether or not the lubricants behaved as
woul& be predicted from a comparison of the structural unit of the
lubricant with simple compounds of similar structure. A factor of
low volatility obscured this comparison in the case of the more
viscous oils. This diffioulty prampted the use of a spray injector
for the introduction of the oil into the ignition chamber. With
this modifidation in procedure the correlation of spontaneous ig=-
nition with chemical structure was extended to lubricants of high

viscosity.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



—2-

Third, consideration was given to the reaction processes
leading to the spontaneoug ignition of organic oompounds. The
procedure oconsisted of passing a definite fuel-oxygen mixture
through a hot tube and condensing and analyzing the resultant
reaction mixture. The use of a smaller diameter reaction tube
and shorter contact times than previously reported in the lite
erature permitted a clearer understs:.nding of the initiael reaction

processes than had previously been obtained.
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II. Historical Background

Just what is meant by spontaneous ignition temperaturé may be
illustrated in general fashion in the following way. A When any
volatile combustible material is heated in én atmosphere contain-
ing oxygen the rate of oxidation increases with temberature. As
the temperature continues to rise, a temperature may be reached
where due to the exothermic oxidation reaction the rate of genera-
tion of heat just balances the rate of dissipation of heat. This
temperature may be referred to as the spontaneous ignition tempera-
ture because at temperatures just avove this heat equilibrium tem-
perature the reaction rapidly accelerates and'the vapor ignites.
Certain modifications of this definition of spontaneous ignition
temperature became necessary as this investigation proceeded; these
will be discussed et appropriate places later in the report.

No doubt the early workers iﬁ this field considered the pos-
sibility of spontaneous ignition temperature being as much of a
characteristic property of a compound as melting point or boiling
point. However, it soon became evident that this was not so and
the spontan;ous ignition temperature of a compound may veary widely
aocordingito 8 variety of variable_cond}tions. Sgch conditions in=-
clude mat;rial of ignition vessel, concéntration of oxygen in the
vapor mixture, volume of ignition chamber, time lag before igmition,
pressure, emount of combustible materiel charged into ignition chamber.

According to a review of spontanecus ignition temperature by
W. Bglmorem in 1938, H. Holm in 1913 was the first to report spon-
taneous ignition temperature determinat;ons by dropping combustible

material on a heated porcelain surface. H. Moore in 1917 used a
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platinium crucible ipbedded in a steel block heated by a gas burner
to determine spontaneous ignition temperatures. Dry preheated air

or oxygen was delivered to the crucible. H;s work represented the
first positive attempt to correlate ignition temperatures and engine
behavior; he concluded that fuels for épark ignition engines should
heve high spontaneous ignition temperatures and fuels for caﬁpression
ignition engines should heve low ignition temperatures.

From the work done before 1938 Helmore was able to coﬁpile the
following generalizations relative to spontaneous ignition of pure
compounds $

(1) Open chain paraffinic hydrocarbons have low spontaneous
ignition temperatures which decrease with rise in molecular weight
of the hydrocerbon.

(2) Branched chain paraffins have much higher s pontaneous
ignition temperatures than corresponding paraffins.

(8) Olefins have variable spontaneous ignition temperatures
but often higher than corresponding peraffins.

(4) Napthenes have in general higher spontaneous ignition
temperatures than those of n-paraffin and olefinse.

(56) The aromatioc hydrocarbons have much higher spontaneous
ignition temperatures than other hydrocatbons.

(6) "Alcohols possess higher spontaneous ignition temperatures
than corresponding hydrocarbons.

(7) Aldehydes have much lower spontaneous ignition températures

than corresponding hydrocarbons.
(8) Introduction of bromine or chlorine atoms or nitro groups
leads to reduction in spontaneous ignition temperature; introduction

of amino group causes increase in spontaneous ignition temperature.
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_ In 1941 SOrtman, Beatty and Heron reported the existence of
zones‘of nonignition for some n-paraffins and decalin using a Moore
type 'apparatus. They alsc observed a remarkable inhibition of spon-
taneous ignition of paraffins by tetraethyl leéd.
Emphasis has been placed upon the crucible method for deter-
mination of ignition temperatures becauss it is the most convénient
and it is the method used in this investigation. Among other methods
that have been used for determining ignition temperatures are dynamic
tube methéds, bomb methods, and m?thods involving adiabatic compression.
A rather detailed example of the effgct of branching in the hydro-

carbon chain on the rate of oxidation was reported by Cullis end

Mulcahy(s) on isomeric hexanes.

Relative oxidation
Paraffin structure rate
C=C=C=C~C=~C 15890
C=C=C~C-C 560
C
CuCuC=C=C 60
C
¢
C-C-C-C 12
c
C=C~-C~C 1
cC

Some work has been done on determining the compounds formed
in the sequence of oxidation steps. However, many different proaucts
heve been obtained and it has been extremely difficult to fix them
into a definite reaction mechanism. As yet an established reaction
mechanism describing spontaneous ignition is lacking. Perhaps the best
starting point is the mechanism of hydroperoxide formaticn advanced

by Walsh(4):
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(a) Formation of a free radical
RH -~ R-
(b) Reaction with oxygen
Re + 0, = R=00-
(c) Abstraction of a hydrogen atom
R~00 +R H — ROOH +Re
(d) Chain branching through decomposition of hydroper.oxide

ROOH — RO* +«HO*
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I1T. Desoriptioh of Apparatus

1. The Spontaneous Ignition Cup

The spontaneous ignition cup and accessories were modeled after
the equipment of Sortmen, Beatty and Heron(z). This consisted'of a
cavity in a metal block housed in an electric cruciblé furnace. A
convenient modification for the present investigation was the con=-
struction of metal cup assemblies which could be placed in the cavity
of the metal block. Complete cup essemblies of seven different
metals were m;de so that the effects of metals on sponteneous igni-
tion could be observed. Each cup assembly consisted of a base plate,
a sleeve, and a 1lid which were accurately machined to fit tightly
into the cavity in the metal block. An arrangement was made for air
to be preheated and enter the chamber through four small openings at
the base of the éleeve. A thermocouples was placed in a recess in the
bottom of the base plate. The temperature of the cup was obtained-
directly from this thermocouple by use of a Legds and Northrop poten=-
tiometer. The details of the apparatus are shown in figures 1 and 2.

Throughout this investigation two‘units were used, one with a
stainless steel block, the other with a copper block, and the metal
cup assembliés used interchangeably. -These two units gave parallel
spontaneous ignition results. However, thehcoppér block unit was not
used at high temperatures because of the rapid formation of & heavy

copper-oxide layer.

2. The Spray Injeétor
In en effort to reduce the influence on the ignition temperature
of the slow rete of voletization of higher molecular weight maferials

a spray injector was constructed. The details of this construction .
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~10-
are shown in figures 3 and 4. The apparatus consists of & hand
operated piston which ejects the liquid through a small opéning
‘(approximately eight thousandthe of an inch in dismeter) from a
cylinder 0.125 inches in dismeter. Some asbestos packing in the
cylinder prevents leakage of oil. This injector worked satisfac-
torily with oils of viscosities up to about 500 SSU at 100°F.
For more viscous oils it would be necessary to construct an in-
jector which would permit still higher piston pressures; this was

considered beyond the scope of this investigation.

3. The Vapor Phase Oxidation Apparatus
The apparatus comprises essentially three stagess (1) the
hydrocarbon-oxygen mixing tube, (2) the oxidation chember, and
(3) oold traps and gas analyzer. These are illustrated in figure
5.
(1) Tank oxygen is first dried by passing through sulfuric
acid. It is then passed through ; flowmeter and bubbled into the
hydrocarbon, held at a constant temperature by a vapor bath to secure
a constant fuel/oxygen ratio. The fuel/Bxygén mixture enters the
oxidation ch#mber through a glags tube heated to a temperature
slightly higher than the vapor‘bath to prevent any condensation.
(2) The oxidation thus far has been conducted in a glass tube
of abou£ 1/16" I.D. This tube passes through a heating unit com-
prising a steel rod 1" in diameter and 12° long heated in an electric
.rurnace. The rod is drilled 1éhgthwise to provide a close-fitting
jacket about the glass tubinge This rod also conteins a smaller hole
into which the thermocouple is inserted. The distribution of tempera-
ture through the reaction tube was determined for wvarious péak tom-~

peratures; the results are shown in figure 6.
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(3) The third stage consists of a series of two dry ice-acetone
cold traps, and & 2,4-dinitrophenylhydrazine solution through which
the gas 1s bubbled after leaving the traps. The final exit gas is |
checked periodically for carﬁon monoxide, carbon dioxide, hydrogen,
oxygen, and volatile hydrocarbons by neans of a Burrell "Industro"
gas Analyzer.

To pefmit the collection of a larger sample, a six-tube reaction
chamber was constructed. Six tubes, each of 0.125 inch diameter wcve
supported by rubber stoppers within & large glass tube of one inch
diameter. Iron powder was placed inside the large tube and around
the smaller ones to serve as a heat conéucting medium. This reactor,
therefore, merely replaced the single tube reactor when larger samples

were desired.
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IV. Test Procedurs and Precision

1. Determination of Spontaneous Ignition Temperatures

Spontaneous ignition temperatures were determined for a selected
series of organic compounds of high purity including p-pareffins,
branched paraffins, & ~olefins, aromatic hydrooarbons; alcohols, ethers,
and esters. The methods of purification and the physical properties
of these compounds are given in table I.

To determine the spontaneous ignition temperature, the electric
furnace is heated rapidly to the desired temperaturekrange of opera-
tion. Then the furnace rheostat is adjusted so the furnace will cool
at a desired rate. One drop of the material toc be tested is introduced
into the ignitign chember. If an ignition occurs the induction period
is recorded (measured with a stop watch); also recorded is the tem~
perature of the chamber just prior to the addition of the drop. If
no ignition occurs this procedure is repeated with tyo or more drops
after a time interval of at least two minutes to allow the oxidized
gases to be flushed out by the incoming air. As the furnace cools
this procedure is repeatedly followed, using more drops when neces-
sary to effect the ignition, until a temperature is reached where no
amount of material added will result in an ignition. The temperature
of the preceding ignition is taken as the sponbaneous ignition tem-
perature. In this lower range the rate of cooling is reduced by approx-
imately 1% per 2 to 5 minutes so that the spontancous ignition tem-
perature can be observed to the nearest degree.

The rate of air flow most generally used in these eiperiments
has been 125 cubic centimeters per minute. At this rete, the ignition

chamber is flushed out during the Z-minute "time interval between

additions. In some experiments, a 25 cc/minute rate of flow was used.
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Here it was necessary to luncrease the air {low after each ignition
to flush the chamber, and then to readjust the rate to 25 cc/minute
at the end of the 2-minute time interval. The 25 cc/minute air-
flow rate gave readings that were generally some 3° to 8° C lower
than the 126 cc/minute rate.

Three different types of oxidation phenomena have been observed
and classed as ignitions in determining the spontaneous ignition tem-
perature:

(1) A visiblg flame or flash, blue or yellow in color.

(2) A visible giqw within the chamber; usually green or blue
(sometimes yellow) which may or may not be followed by a puff of
smoke ("cool flame" ignition).

' (3) A definite puff of smoke after a reasonable induction
periode.
The last two types are usually observed at the spontaneous ignition
temperature and temperatures slightly above. In this range the op=-
timum fuel=-air ratio to produce a flame is quite sensitive; 1f
slightly exceeded, a glow or puff of smoke results instead of the
flame.

For the hydrocarbons, alcohols, and olefins, the maximum amount
required to effect an ignition was 30 to 40 milligrams (10 drops) at
the spontansous ignition temperature; the induction period was 30 to
60 seconds. The addition of larger than 40 milligram quantities of
maeterial did not lower the spontaneous ignition temperature more than
a degree or two.

For the ethers, it was necessary to add much larger amounts of
material to produce an ignition in the temperature range just above
the spontaneous ignition temperature. The induction period remained

quite short in this range and, even at the spontaneous ignition
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temperature, it was oniy B to 12 seconds. Apparently the large amount
of material was needed so that & high ether concentration in the wvapor
phase could be achieved very soon after the addition; otherwise, on
addition of a smeller amount of material, the rate of oxidation would
be faster than the rate of véporization and, accordingly, sufficient
concentration of ether for normal ignition could not be attained.

The maximum amount of any ether added at the spontaneous ignition
temperature was 1C0 milligrams (in the case of didecyl ether). Because
of the very short induction period with the ethers, the material was
added all at once rather than dropwise.

For some arometic compounds tested the optimum amount of material
for ignition did not exceed 3 to 5 drops (about 9 to 15 mg) even
at the spontaneous ignition temperature. More than this amount failed
to give ignitioh in the range just above the spontansous ignition tem=-
perature. This probatly results from a rapid rate of vaporization
which volatilizes the meterial before the rate of oxidation becomes
significant.

Spontaneous ignition temperature readings below 300°C have been
reproducible general;y within 1°C; at higher temperatureé the accuracy
is in the range of 3° to 5°%C. The temperature mctually observed &t
thermocouple in recess of base plate) agrees within not more than 2°C
with the temperature at the surface of the bass plate where ignition
would be expected to ocecur; in the lower range, this agrecment is
'within 1°C. To obtain a complete picture of the heat distribution
throughout the ignition chamber, thermocouples were placed in other
parts of the ignition assembly and observations were made at various
teuperatures during both heating and cooling periods. These results

are summarized in figure 7. The temperature differentials observed
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Flgure {II
Temperature Distribution in the Metal Cuo Assembly
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Part (&) Calibration of an irom - cupron thermocoupls (like thcse
. permanently located in the metal blocks) with an iron-
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are probably somewhat higher than those in actual operation, since
insertion of the thermocouples necessitated some break in the thermal
contact of the parts of the ignition cup assembly. It is of interest
to note that the temperature differentials observed here are consid-

erably less than those recently reported for the A.C.T.M. apparatus(s).

2. Spray Injection ve‘r.sus Dropwise Addition

At first the same genersl procedure as described in the previous
section was used for the lubric;nts. It was soon observed that with
much larger charge sizes (100-200 mg) and adding the material rapidly
and all at once the spontaneous ignition temperatures of the lubri-
cants could be considerably lowered. Therefore, dropwise addition‘in
the case of the lubricants may refer to a very large "drop." Only
8 small portion of this 50-200 my "drop" of oil is consumed in the
spontaneous flame; the rest smolders in the bottom of the cup end may
deposit a lacquer like residue. For the high viscosity oils five or
ten minutes may be require& for the stream of air to sweep out the
ignition cup. Spontaneous ignition temperatures at both 125 cc/minute
and O cc/hinute airflow were determined for the lubricanté in an
effort to obtain as nearly es possible optimum fuel/air ratios. In
general lower results were obtained at the zero airflow rate.

Some special determinations were made of open-cup spontaneous
ignition temperatures. In these cases the 1id and cap of the ignition
cup assembly were removed leaving an open ocup. The lubricant wes added
in amounts up te 500 mg. and a spontansous flame was observed. In
these determinations air flow into the cup was permitted at a rate
of approximately 125 cc/minute. The precision of these spontaneous

ignition temperatures was probably *5° to 8°C. The main purpose of

these open cup determinations was to illustrate that a rather simple
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change in the ignition cup would give widely different ignition tem-
peratures. |

By injecting the charge into the cup in a fine épray'a more
efficient utilization of the oil could be outained. Spray injection
permitted & more rapid attainment of optimum vapor concentrations for
flame ignitions. The general procedure for spray injection is the
same as for dropwise ignition. & range of different charge sizes
from the injector were used so as to give the lowest ignition tem=-
perature possible. The lower limit for injection was about & mg.
For representative volatile compounds dropwise addition and spray
injection give substantially the same results.

The precision of the dropwise addition and spray injection for

lubricants may be summarized by the following table:

o Froperties of the Compound |
Boiling Spontaneous Method
Point, *C ' Ignition of Precision,
Temperature, ¢ Addition °c
< 280 < 300 Dropwise 1-2
< 260 > 300 Dropwise § 3=5
280 to 1 < 300 Spray Injection 2-3
280 to 7 300 Spray Injection 3=

Spray injection will give a much higher surface area to bulk
volume ratio. The rate of achieving the equilibrium vapor pressure
of the o0il will be a function of tﬁis area to volume ratio. But
there is an additional factor in obtaining the optimum vapor concen-
tration for spontaneous ignition of relatively non=-volatile oils.
This factor is that the smaller the particle size of the droplets
the higher will be the equilibrium vapor pressure according t§ the

equation:
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/¢ - radius of droplet
) J’ - surface tensicn
/é; :éi = 271 7 J - density
2 AT rd
© . /7 - molecular weight
Aﬁ) - vapor pressure of bulk liquid
 0 - vapor pressure of droplet of radius r
The upper molecular weight liﬁit of usefulness of spray injection,
therefore, will depend upon the vapor pressure of very small droplets.
However, with the present injector, the practical limit is determined

by the viscosities and lies in the range of 300-600 SSU at 100°F

dependent to some extent on the structure involved.

3. The Slow Vapor Phase Oxidation of Organic Compounds
The bubbler tubs is first filled with the compound to be tested.

" From the vapor pressure data of the compound the temperature is deter-
mined which will permit the desired vapor ratio of compound to oxygen
as the oxygen is bubovled through the compound. This temperature is
then maintained by an appropriste vapor bath around the bubbler.

The flow of the fuel-oxygen mixture ié started and the furnace is
heated to the desired temperature. This temperature is maintained

by adjusting a variable transformer. The reaction is continued until
a sufficient amount of reaction product is collected in the dry ice-
acotone cooled traps. The reaction mixture is then separated into two
partss (1) the liquid organic phase, (2) the solid ice like phase
adhering to the walls of the trap. The liquid organic phase is an-
alyzed fof total peroxide, hydrogen peroxide, carbonyl, olefin, and
acid content. It is necessary to remove all of the peroxide and
carbonyl to determine the olefin. The solid ice like phase is allowed

to melt and then is washed down with water and analyzed for peroxide,
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hydrogen peroxide, éarbonyl, and acid content. With this simple type
of procedure & series of runs is made varying the conditions of
fuel/éir ratio, contact time, and temperatufe. From this information
a much more detéiled analysié is carried out under a few particularly
promising conditionsf This detailed analysis may include the separa-
tion of any or%anic peroxides by low temperature distillation, chro-
matographic sebaration of the dinitrophenyl hydraﬁones of the various
carbonyl compounds, and preparation and separation of the dibromo or

monobromo derivatives of the olefins.

4. Analytical Procedures Used in the Characterization of the Oxidation
Intermediates

Peroxides were determined iodometrically. A piece of dry ice
was added to 10 oc of glacial‘acetic acid in thé titration flask to
sweep out the air. The potassium iodide solution and the sample then
were added, the flask was loosely stoppered and allowed fo stand one
half houvr at room temperature in the dark. The liberated iodine was
titrated with 0.1 N sodium thiosulfate. The blank in most cases
remained colorless. The value ocaleculated from this titration was
taken as totai peroxides.

Hydrogen Peroxide was determined colorimetrically by the reac-

tion with titanium sulfate reagent(ﬁ). The per cent absorption of
4104 light is measured with a Coleman Universal Spectrophotometer

and with this value the hydrogen peroxide is read directly from &

calibrated cheart.

Carbonyl compounds were determined by precipitation of the

2,4=dinitrophenylhydrazones using the reagent solution described by
Shriner and Fuson(7). The precipitate was filtered, weshed with

water, and transferred into a weighing besker after discolving in
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ether. The ether then was evaporated, the product dried under
reduced pressure and weighed.

The chromstographic procedure of Roberts and Green(s) and
modifications by Gordon, et.al.(g) were used for the separation of
the 2,4-dinitrophenylhydrazones. This involves the development of
the chromatogram on a silicic acid-Super Cel column with a 4% solu=
tion of ether in petroleum ether.

Olefins were determined according to the procedure of Luocas
and Pressﬁan(lo); however, the merouric'sulfate catalyst was omitted.
Ten or twenty-five milliters of O.l1li bromate~bromide solution are
added to the titration flask which is then evacuated. The remaining
reagents and sample are forced into the flask by excess atmospheric
pressure. In this way the generated bromine is not lost. About
5 ml. 6N sul%uric acid liberates the bromine, the sample as a carbon
tetrachloride solution is added and washed into the flask with glacial
acetic acid. The flask is shaken about 2 minutes in the dark, potas-

" sium iodide solution is added, and the liberated iodine titrated with
0+.1X sodium thiosulfate.

The olefin dibromides were prepared either by direct addition
of bromine to the olefin-paraffin mixture or by addition of an aqueous
bromine solution to the olefin-paraffin mixture.

The monobromo derivatives of the‘olefins were prepared by bub-
bling dry hydrogen bromide through the olefin paraffin mixture. The
hydrogen bromide was obtained by dropping bromine on boiling tetralin.

Acids were determined by titration with -.1N sodium hydroxide,

using either a Beckmann pH meter or phenolphthalien as the indicator.

Non-condenseble gases were determined by means of the Burell

"Industro" gas analyzer. These gases include carbon monoxide, carbon

dioxide, oxygen, methane, nitrogen.
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Formaldehyde was determined in some cases more specifically by

the formation of a white crystalline precipitate with methene

(5,5-dimethyl dihydroresorcinol)(ll).
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V. Results and Discussion

1. &Epontaneous Ignition Temperature of Pure Compounds in Stainless
Steel Chamber; Non=igniition Zone.

n-Paraffins. The series of normal pareffins from C;45 to Coqg

gave spontaneous ignition temperatures in the range 232° to 240°C
using an airflow rate of 125 cc/minute. Heptane under similar con-
ditions gave & spontanecous Ignition temperature of 250°C. Other
workers have reported higher values for the lower members of the
homolous series. The most obvious geheralization, therefore, is

that as the length of the hydrocarbon chain increases the spontaneous
ignition temﬁerature decreases, rapidly et first but tending to
level off with increasing chain length. This generalization holds

up to hexadecane and then the spontaneous ignition temperature starts
to rise with further increase in chain length. The reason for this
rise is considered to be the result of the reduced volatility of the

higher paraffins.

Spontaneous ignition temperature (°C)
Compound Air flow Air flow From literature
125 ce/min | 25 ce/min

n-Heptane - 250 244 ; 2320 (5)

259 (2)

n-Lecane , 236 2321 252 (2)

n-Dodecane 232 229 *
n-Tetradecane 232 227

n-Hexadecane 232 225 241 (12)

' 235 (2)
n=lctadecanse ~ 235 227
n-Nonadecane 237 230
E—Eicosane 240 , 232

When the air flow rate is reduced to 25 cc/minute the spontan=-
eous ignition temperatures decreased 3-8°C for each in this series

of paraffins. Under these conditions higher fuel/air ratios are
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obtained which permit ignition at lower temperatures. At the lower
air flow rate the sponteaneocus ignition temperature also begins to
rise with the Cy5-Co pareffins indiceting the reduced volatility
éf these compourds. Therefore, it appears that if volatility were
not a factor the ignition temperatures of normel paraffins would
continue to slowly drop witl increasing chain length, approaching
some asymptotic lower limit et /much higher chain lengths.

Further indication of this is found by comparing the ignition
behavior of dodecane and hexadecane under three different conditionse.
At the air flow reate of 125 cc/minute both compounds have ignition
temperatures of 232°C. At the air flow rate of 25 cc/minute do-
decane has the value 229 and hexadecane the value of 225°C. By goin%
to still better conditions for diminishing the voletility effect,
such as the conditions of rapid vaporization in determining cetane
numbers of fuelsi it is observed that the cetare number of dodecane
is 80 and that of hexadecene is 100 (by definition). The inverse
relationship of cetane number to spontaneous ignition will be shown

" later in the report.

Therefore, a more complete generalization is this: For the
normal paraffins the spontaneous ignition temperature decreases
with increasing chain length until the factor of reduced velatility
begins to dominate and causes a rise in ignition temperature with

the still higher molecular weight members.

Branched paraffins. .Spontaneous ignition temperatures have been

determined for ten branched paraffins of a high degree of purity.

These values are listed in the table on the following page. Five of
these compounds were obtained through the<courtesy of Dr. C. E. Boord,
Ohio Stete University. Three of them were obtained through the courtesy

of the N.A.C.A.
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Branched Paraffins

Campound

Structure

2,2,4-Trimethyl pentane
. 2,2,3,3=Tetramethyl pentane
2,3,3,4-Tetramethyl pentane

2,4-Dimethyl=-3-Ethyl pentane

1,1-Dineopentyl ethane

2,5,5-Irimethyl heptane

4,5-Dimethyl octane

4-Isopropyl heptane

3=-Ethyloctane

2-Kethyl decane

| C-G-C=C-C=C-C

C C

%C%%ﬂﬁ%%%_

c¢C

i C=C~C-C~C-C=C

C=G=C=C=C=C=C~C=CC
c

Number of

Hydrogens
1° 29 3°
15 2 1
13 2 ©
18 © 2
15 2 3
21 4 1
15 ¢ 1
12 8 2
12 8 2
9 12 1
g 14 1

Spontaneous Ignition Temperature
_Dropwise Addition

125 co/min |25 ce/min |0 co/min |Literature
515 502
516 505 452 (12)
514 497 437 (12)
510 472 390 (12)
500 486
485 463
388 290
288 275
235 - 231
231 225

-82-



20

A rather quick study of the teble shows that the spontaneous
ignition temperature fises with increasing degree of branching, that
is, with decreasing number of methylene groups and increasing number
of methyl groups. This observation fits in very well with the general
postulate that primary'hydrdgen atoms are more resistant to oxidation
than secondary hydrogen atoms which in turn are more resistant than
tertiary hydrogen atoms. The three isomeric nonanes confirm this
postulate much better at the zero air flow rate than at the 125 cc/%inute
air flow rate. Also it is observed that the values of Jackson(15)
for these three compounds are much lower than our values although the
order is the same. The major‘difference between the two procedures
is Jackson's use of a 1256 cc quartz flask and our use of a 43 co
stainless steel cup. This would suggest that & pronounced chain-
breaking action is exerted by'a higher surfacesvolume ratio. The dif-
ferences in spontaneous ignition temperatures between these two pro-
cedures are greatest with these branched paraffins; for the normal
paraffins igniting in the low temperature range the agreement is quite
good. Accordingly, it appears that the high temperature reaction in-b
volﬁing simple radical intermediates is more sensitive to wall effects
than the low temperature reaction involving peroxide intermediates(l4).

Further consideration should be given to 4,5~dimethyloctane and
4-isoprophylheptane. These isomers have the same rumber of primary,
secondary, and tertiary hydrogen atoms, yet the spontaneous ignition
temperatures at the 126 cc/minute rate are different by one hundred
centigrade degrees and only fifteen degrees different at the 25 cc/minute
rate. To obtain a clearer understanding of these resuits, it is sug-
gested that reference be made to figure 10 page42. Here it is seen

that a 53% isooctane-in-heptene-mixture would ignite in the low
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tempereture range but a 58% mix%ure‘would not ignite in this renge at the
125 co/minute air flow rate. However, by considering the extension of
the ignition curve at the 25 cc/minute rate both the 58% and 63% would
ignite in the low temperature range. Thérefore, it is suggested that

in a rather gquelitative fashion 4,5-dimethyloctane béhaves es the 58%
mixture and 4-isoprophylheptane ﬁehaves as the 53% mixture. These two
compouhds seem o represent structures rather sensitive to the com-
petition between the low and high temperature mechanisms of oxidation
under these particular conditions.

Both 3-ethyloctane and Z-methyldecane have ignition femperatures
close to those of the comparable normal paraffins. Therefore, for
higher molecular weight paraffins introduction of a singie branch in
the molecule does not narkedly alter the ignition temperature. This
may be due to somewhat of a balance between the extra methyl group
making the molecule more resistant to oxidation and the tertiary hy-

drogen atoms making the molecule more susceptible to oxidative attack.

Paraf{in combinations. The ignition temperatures of 7~-phenyl=-

tridecans and T=-cyclohexyltridecane were determined for comparison
with normal paraffins. These two compounds were obtained through the

courtesy of Dr. Robert Schiessler, Penusylvenia State College.

Spontaneous Ignition Temperature
Dropwise Addition
Ale flow
Compound 125 cc/min| 25 ec/min | O cc/min
7-Phenyltricecane- 06-0-06 239 236
&
7-Cyclohexyltridecane CG'§;C6 237 234
. A}
n-Octedecane » Cg~Co=Cg 235 az27
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Although it was expected that aromstic rings eand cycloparaffinic
rings would have a pronounced effect on the ignition temperature,
the length of the uninterruptéd polymethylene chain is the dominating
factor in the ignition of these compounds. This information would seem
to indicate that the ignition temperatures of paraffin lubricating
0ils should be low in spite of the sromatic and naphthenic cohtent

of these oils. That this is the case will be shown in & later section.

X =0lefins. The straight chain A=-olefins examined from l-decene
to l~octadecene all have higher spontaneous ignitlion temperatures

than the normal parsffins.

Spontaneous Ignition Temperature
Dropwise Addition
Compound 125 cc/minute Airflow
1-Decene 265
1-Dodecene 267
1-Tetradecene 255
l-Hexadecene 263
1-Octadecene 251

This is in line with the cetane values of «=-olefins as compared
with normal paraffins. l-Hexadecene has a cetane value of 88 while
n-hexadecane has the defining value of 100. This greater resistance
to spontaneous ignition of the a-olefins may be explained by the
greater ease with which the olefins undergo free~radicai attéck and
the correspondingly greater stability (lower reactivity) of the re-
sultant peroxides or intermediate radicals formed. As the paraffinic
portion of the olefin molecule is increased the ignition teumperature
becomes nearer to that of the corresponding normal paraffin. This
is no doubt due to the lessening contribution of the double bond as
the polymethylene chain incresses in length. There has been some

disagreement as to why the olefins behave as antiknock agents.
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Badin(ls) proposes that olefins behave as antiknocks because of their

ready ability to form peroxides and thereby to act as chain initia=

tors. The spontaneous ignition temperature dete, however, are evi-

dence for the more prevailing theory (outlined by Walsh in the

"Discussion" following reference 15) thet antilmock action s the

result of chain inMibition rather then chain initiation.

Branched olefins. ESome mention should be made of the spontaneous

ignition characteristics of highly branched olefins because the com-

parison with corresponding paraffins is reversed for these ocompounds.

Reference is made to table II page 52 4 where diisobutylene has a

much lower ignipidn temperature than isooctane and 1,l-dineopentyl-

otliylene has a lower value than l,l-dineopentylethane. The reason

for this reversal probably ties in with the difference between the

low and high temperature mechanisms of oxidation.

Aromatic hydrocarbons. The aromatic nucleus is very resistant

to sponbaneous ignition. Ignition temperatures are shown for a

number of aromatic hydrocarbons in the following tanle.

Spontaneous Ignition Temperature (°C)
Air flow Air flow From literature
Campound 125 ce/min | 26 cc/min
Benzene - 645 639 702 (12)
680 (16)
: ' 652 (2)
Toluene 635 630 629 (2)
0=-Xylene 551 547 591 (2)
m-Xylene 652. 645 689 (2)
-Xylene . 657 660 690 (2)
»2,3=Trimethylbenzene i 510
1,2,4-Trimethylbenzene [ 528
1,2,5-Trimethylbenzene ‘ 577
Iriethylbenzenes ,
‘Predominately 1,3,5 isomer . 446
Predominately 1,2,4 isomer | 439
& ~lNethylnaphthalene ! 553 547 565 (2)
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In comparing the various methylated benzenes, the relative
positions of the methyl groups on the aromatic nucleus is a more
significant factor in altering the spontaneous ignition temperature
than the actual number of methyl groups. Iwo methyl groups ortho
to each other seems to make the molecule more susceptible to oxida-
tive attack than do methyl groups meta or para to sach othe}. In
fect, meta and para xylene are more resistant than benzene. Larger
alkyl groups (presence of secondary hydrogen atoms) in an aromatic
hydrocarbon produce a sharp drop in spontaneous ignition temperature
as demonstrated with the triethylbenzenes, and, as was shown earlier,
a long polymethylene chain on an aromatic nucleus gives a compéund
with an ignition temperature near that of a normal paraffin (page 30).
Puckett and Caudle(ZS) note that acceptable cetane numbers are observed

only in alkylbenzenes possessing long side chains with little or no

branching.

Alcohols. The spontaneocus ignition temperatures for eight

alcohols are listed in the following table.

Spontaneous Ignition Temperature °C
Alr flow From

Compound 125 cc/min Literature
Ethanol 425 392 (5)
Propanol 441 439 (5)
Isopropenol 498 456 (18)
1-Decanol 291
1-Dodecanol ‘ 283
1=Tetradecanol 279
l-Hexadecanol 273
1~Cctadscanol 269

The series of straight chain alcochols from decanol to octa-
decanol show ignition temperatures higher than those of both the

corresponding X -olefine and n-paraffins. Here also the effect of
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the hydroxyl group decreases as the polymethylene chain is lquthened
in progressing from decanol to oectadecancl. The reason for the higher
values for the aloohols thean for the paraffins is probably the forma~
tion of les: energetic radicals, R-éHOH, tending to subdue the rapid
oxidative chain reactions.

The ‘lower alcohols have higher spontansous ignition temperatures
as would be expected. Tﬂe more highly branched isopropanol has a
value considerably higher than that of normal propanol. However, it

is not apparent why ethanol has a lower value than normel propanol.

Ethers. Spontaneous ignition temperstures have been determined

for five ethers.

Sponteneocus Ignition Temperatures (°¢) -
: Air flow Alr flow From . literature
Compound 125 cc/min 25 cc/min
Diethyl ether 193 ,_ 190 193 (16)
Diisopropyl ether 500 495 443 (27)
Dihexyl ether 200 197
Dioctyl ether 210 210
Didecyl ether 217 217

With the exception of diisopropyl ether the ignition temperatures
of these ethers are extremely low. Ethers like the olefins are easily
peroxidizable.. This factor alone connotes a lesser degree of reactivity
of the radicals formed. The difference, therefore, between the olefins
and ethers must be due tvo the difference in stability of these radicals.
That is, the radical R-&H-CH-CHZ is both more stable and léss reaotive
than R-éH—CHz-CHS; the radical R-CH~0-R is probably.less reactive, but
it is very unsteble and tends to decompose to R-CHO andvR'(zg). It is
significant that the odor of acetaldehyde is quite noticeable on ig-
nition of diethyl ether {Cliz-CH-0-CH,=CH, - CH,~CHO + CH,~CHy+). The

aldehydes are very susceptible to further oxidation end the n-alkyl
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radicals are the most reactive in comperison with secondary and
tertiary alkyl redicals.

This same line of reasoning may be extended to diisopropyl ether
to explain the high ignition temperature of this compound. Oxidative
attack would be expected to yield acetone and the isopropyl radieal.

0
Ch - -O~ H-CH ->» CH -C-CH + CH -CH-CH
3 3 8
Ch

Acetone is less susceptible to oxidative attack than aldehydes
and the isopropyl radieal is more stable thean n-alkyl radicals.

As the molecular weight of the_g-ethers increeses, the spon=-

teaneous ignition temperatures progressively rise toward the values

of the n-paraffins. Thus the spontaneous ignition temperature of

alcohols, X-olefins and'a-ethers seem to tend toward the values of

the n-paraffins as one goes to higher molecular weights.

graphically shown in figure 8.

Esters. The spontaneous ignition temperatures for seven esters

have been determined. These esters were obtained through the courtesy

of Dr. W. A, Zisman of the Naval Research Laboratory.

Spontaneous Ignition Temperature (°c)

. Ailr flow Air flow Air flow From

Compound 125 co/min 25 co/min O cc/min Literature
Di(l-ethylpropyl) adipate 436 432 443 (29)
Di(l-ethylpropyl) azelate 420 419 443 (29)
Di(l-ethylpropyl) sebacate 412 410 426 (29)
Di(2=ethylhexyl) adipate 385 (265) 384 395 (29)
Di(2~-ethylhexyl)=-ortho~phthalate 395 400
Di(2-ethylhexyl)-meta~-phthalate 407 413
Di(2-ethylhexyl)-para-phthalate 414 418

The relatively high spontaneous ignition temperatures of an ester

apparently result from the formation of an inactive radical (RCHCOOR')
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whigh is unable to propagate the cool ilame process. It is of in=-
terest to note that results obtained herein with the l-ethylpropyl esters
of adipie, azelaio, and sebacic acids show the expected decrease in
spontaneous ignition temperature value with inéreasing length of the
uninterrupted hydrocarbon chain. The presence of relatively long alkyl
groups ac in di{2-ethylhexyl) adipate produces a somewnat larger drop
in the spontaneous ignition temperature value just as would be predicted.
In fact, under rather extreme conditions di(2-ethylhexyl) adipate
ignited in the low temperaziure range as indicated by the value in
parenthiesis. Lore detail of this development will be given in the
next section.
The three phthalate ester isomers show the same order of stability

toward oxidation, para> mete > ortho, as did the isomeric xylenes.

Honignition Zone

Zones of nonignition for normal paraffins were observed by

(2)

Sortman, Beatiy, and Heron in an ignition cup similar to that used
in this investigation. 1n this work also, zones of nonignition were
observed for the normal paraffins; however, quantitative agreement
between the contour curves of the zones was not obtained. As this in-
vestigation continued it soon became apparent that the boundary of

the zones of nonignition was very sensitive to the test procedure. The
rapid addition of a given charge size would cause the zone of nonig-
nition to shrink somewhat as compared with the slower dropwise method
of éddition. Figure 9 shows a series of contour’curves obltained for
the normal paraffins. No significant trend Was observed with thgse
compounds and a tentative conclusion seemed to be that these zones of

nonignition were a result of an interplay between the rate of vapori-

zation and the rate of oxidation of the compound and not a direct
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function of the chemical structure. The spray injection procedure
gave support to this conclusion because the zone of nonignition was
blotted out in the case of hexadecane by using this method of addition.
In addition to the normal paraffins, the long chain «<=olefins,

‘alcohols, ethers, and esters showed thesé nonignition zones. Accord-
ingly this phenomenon appeared to result from a polymethylene chein
in these higher molecular weight compounds rather than from any par-
ticular functional group. The best explanation for the zomes of non-
ignition i1s that they represent a temperature range where the low

" temperature mechanism of oxidation has faded out and the high tempera-
ture mechanism has not yetl begun(l4). Accordingly only compounds
which can oxidize by both high and low temperature mechanisms exhibit

this phenomenon.
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2. (a) Correlation of Spontaneous Ignition Temperatures with Octane
and Cetane Ratings.

'Helmore(l) in his review of spontaneocus ignition noted a good
agreement between ignition temperatures and entikmock ratingse Octane
numbers, cetane numbers, and critical compression ratios afe different
ways of expressing the antiknock properties of a particular fuel. One
of the objects of this investigetion was to extend the correlation
between antiknock behavior and spontaneous igunition characferistics
and place it on a more quantitative basis,

The aromatic hydrocarbons show a striking parallel between spon=-

taneous ignition temperature and critical compression ratio.

Spontaneous Ignition |Critical compression
Compound Temperature (OC) Ratio (30)-
p~Xylene 657 11.5
m-Xylene 652 11.5
nzene 645 Approx. 12
Toluene ) 635 : 11.3
1,3,5-Trimethylbenzene 877 10.6
o-Xylene ; 551 \ 8.3
1,2,4-Trimethylbenzene | 528 87
1,2,3=Trimethylbenzene 510 769

The results of thece amine additives correlate well with the
effect of amine additives on antiknock ratings. Boyd(sl). in discus~
sing antiknock, reported the marked effectiveness of primary and sec-
ondary arometic emines. The following table shows an interesting

comparison of corresponding antiknock and spontaneous ignition tempera=-

ture retings. : e .
Reciprocal of Moles Required| Rise in Spontaneous
to Give Antiknock Effect Ignition Temperature
Equivalent to 1 Mole of of Dodecane Employing
Anine Aniline (21) 5 Mole % Additive °C

Diphenylamine 1.5 40

N-Methylaniline 1.4 36

Toluidines (average) 1.2 26

Aniline 1.0 11

Diethylamine 0.5 16

Dimethylaniline 0.2
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To explore the range of octane numbers more completely, the
spontaneous ignition characteristics of a series of isooctans-hep-
tane mixtures were determined and plotted as shown in figure 10.
The solid curve represents the maximum extension of the ignition
boundary under the optimum comnditions of fuel/air ratié obtainable with
an air flow rete of 125 cc/minute. Between 25% and 50% isooctané in
héptane, a non-ignition zone is observed above the low temperature ig-
nition peninsula. If critical compression ratio were plotted against
octane number the curve would not be Seshaped like this one, &nd the
cléim of close correlation of critical compression ratio and spontan-
eous ignition may be questioned. However, under the conditions‘of
determining critiecal ocompression ratios much higher pressures than at-
mospheric pressure are encountered. Increased pressure would have the
effect of extending the ignition boundary until ignition in the low
temperature range could be obbained for all compositions of iscooctane
and heptane. This would compare more directly with the critical com-
pression ratio data. The claim of correlation is based on the idea
that the various antiknock ratings and spontaneous ignition character-
istics depend upon the same fundamentel property of noleoules. Just
what this property is is not yet knombut it, of course,will be inti-
mately connected with chemical structure. Therefore, the same struc=-
tural influences are observed on both antiknock ratings and spontaneous
ignition such as branching in hydrocarbons produces high Spontaneous
ignition temperatures as well as increased compression ratios and
higher octene numbers. Both antiknock ratings end spontaneous ignition
are quite sensitive to the conditions employed in the test procedure.
For this reason it is important that the conditions be accurately

stated to give the results their greatest significance.
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A similar Seshaped curve is obtained for various cetane=- methyl
naphthalene mixtures (figure 11). It must be remembered that the
cetane scale bears an inverse relationship to the octane scale and
therefore to spontaneous ignition. Thus, the fuels with highest cetane
numbers are the most susceptible to spontaneous ignition. The following
table shows excellent qualitative correlation between cetane ratings

and ignition temperatures.

Spontaneous Ignition Cetane number

Compound Temperature (°C) (26)
n-Hexadecane 232 100
.E-Dodeoane 232 80
n=Heptane 2950 57
T-Hexadecene 253 88
1-Tetradecene 265 79
2,2,4=-Trimethylpentane 515 12
A =Methylnaphthalene 553 0
Toluene 635 -5

(Data taken for air flow rate of 125 cc/minute)

(b) Other S-shaped Curves Observed.

These S=-shaped cur%es obtained for isooctane~heptane mixture and
cetane =a~methylnaphthalene suggested an interesting avenue for further
investigation of ignition ch&racteristics. Accordingly a series of
cetane-di(2-ethylhexyl) adipate mixtures were investigated with par-
ticular emphasis on how the charge size influenced the extension of the
ignition boundary; and a series of dodecane-l,l-dineopentylethane mix~
tures were investigated with emphasis on the different types of ignition
obsegved in passing from the region of hot flame ignition to the region
of no ignition. The results of the cetane-di(2-ethylhexyl) adipate
are shown graphically in figure 12. These curves are very instructive
in helping one to understend the apparently confusing and contradictory
results often appearing in thg literature. A three dimensional ignition

surface may be visualized by considering the charge size as the third
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ordinate. This eséentially gives & high temperature ignition "hill

and a low temperature ignition "hill" with a nonignition "valley" in
between. Under some conditions the low temperature "hill™ might be
completely nissed. This was the case with di(z-ethylhexyl) edipate.

The ignition tewmperature reported for the compound was 395°C; our

value was first cousidered to be 385°%. It was only by going to very
lérge charge sizes that the ignition~boundary was intersected and
therefore a value of 26500 was obtained--120 degreesmlcwerd The diesters
were previously considered quite resistant to spontaneous ignition, but
this development showed that there was still a potential low ﬁemperature
fire hazerd assocliated with their use as lubricants.

Figure 13 shows the sponteneous ignition characteristics of various
dodecane=-l,l-dineopentylethane mixtures. In moving left to right the
first curve represents the maximum exteﬂsion of the hot flame ignition
boundary. Each point on the curve does not represent the same charge
size as did the previous figure with cétane-adipate ester mixtures; this
curve is the maximum extension for any charge size. The next curve

- represents the further extension of the ignition boundery by counsidering
the blue glow or "cool fleme" region, and the last curve is a still
further extension of the low temperature ignition peninsula by considering

- the smoke pulse ignitions. A three dimensional figure may sgein be
visualized with charge size as the third ordinate. However, from the
data on this graph alone, the three diwensional figure could not be con=
structed because the ignition temperatures as a function of charge size
is not indicated. If this date were aveilable, the space figure could
be constructed; figure 13, then, would represent the projection of the

three ignition boundary surfaces onto the temperature-composition plane.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPLIED SCIENCE RESEARCH LABORATORY ,_9[7,
UNIYERSITY. ©OF CiNCINNAT:

R e e T e R S U -
Pt u«t,,; T ..,;:‘,.J;,,A » N i“”i
z.:‘.;l,‘p...:‘,._Jx,;.j.,g, Jeei g } !‘,,.\,11;..‘. DO N
D TS TR RN Flguna, V2 R R s

“iq;gﬁy b&noom&*lgnibidm Characveristics of Vayiona fbﬂac&ﬁ%~
. 1, 1-8 ~Blneogenty.l EﬂQa . Mixturels whowing the bpundpry |

..’&uquﬁ ‘of ﬁh& rae Gandﬁ&l T#pea af I@n&tionh‘,.A }EIE?]..;

. . ' . [ i o ik T S PO

AREEEEENREREEE RN SRS T O INSDU N Bt
H »;4:;‘4‘.‘. [ P ;:?: ;‘ ; S SOV ' :
L alr Olow ~ 12'5 ,cc./min‘mbial ; ‘

Lese Steel Cup Asgembly ;

1.

””;{-aadition F@oaednme b

g o b

/VO_ .Jca.yxr/a/v

T S
i

‘I, t ¥ 1
o . . -
: !
s . !
y i ! 1
: :
- »+—»L» PR g
‘
, ‘ T
. b
H . .
i K i
: 1
¢ * i ¢
; : !
) N
FMS,&:‘
N ‘,.:sA,J.(‘,
N L [ ]
/r/cw
PR Y H H
" ’ i

I
AP : ‘ : L ' ' Lo SRR
EEEEN N gPavceni (by vulume) of Lousuane in hixthxoa_w&@n b
, o ; 1,1 Lﬁneopantyl}hhhane._ L : '
] - H

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-48-

3. Sponteneous Ignition Temperatures of Various Types of Lubricants.

The date cbtained on the various pure compounds discussed in the
previous sections gave a good foundation for the investigation of the
spontaneouvs ignition characteristics of lubricants~-the more practical
side of the picture in which NACA was interested. As the study of a
variety of lubricants progressed it soon became apparent that'volatility
limitations imposed upon lubricents of high viscosity were obscuring the
expected correlation between structure and spontanecus ignition. To
overcome this limitatlon as much as possible a spray injector was con-
structed and the ignition temperatures of some of the same lubricants
were determined under spreay injectioﬁ conditions for comparison with
dropwise addition. Acknowledgement is made to Mr. Donald E. Swarts for
the ectual spray iggition date in the following tables and graphs. With
the sprey injection modification, correletion of structure with spon-
taneous ignition was extended over & much wider viscosity range for these
lubricants.

In some cases an open cup spontaneocus ignition tempersture weas
determined for comparison with the normal closed cup result. Some of
theselopen.cup values were lower than the closed cup values. This sug-
gested that if highef fuel/air retios could be obtained the closed ocup
values should drop below the open cup values. Confirmetion of this
suggesticn was obtained with the spray injection procedure. In general,
however, consistent and meeningful results were not given by the open

cup procedure.

(a) Paraffin Lubricants

The spontaneous ignition temperature of a series of conventional
lubricating oils were determined by both the dropwise addition and spray
injection procedures. These results are shown in the following table

and figure l4.
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Sponteneocus Ignition Temperatures of the
Paraffin Lubricants ‘

Spontaneous Ignition Temperature (°C)
Spray
Lubricant ‘ Dropw1s§ Add%ﬁifgwuw“ Injection Remarks
Closed Cup|Open Cup
Alr Flow |Air Flow Air Flow
125 cc/mini 125 oc/min | 125 cc/min
All Stete Motor Cil SAE 10 262 336 269 Heavy
All Steate Motor 0il SAE 20 372 345 274 black
All State Motor 0il GAE 30 385 355 286 (274) tar=-like
All State Motor (Gil SAE 40 403 365 347 residue
Bardahl SAE 10 272 Very fine
brown
sand~like
: residue
Reciprocating Engine Cil 396 375 b Heavy
1120 ANO-8 ! black
bar~like
residue

This date shows quite strikingly how the ignition boundary cen be
gfeatly extended by the use of spray injection. Under the dropwise
procedure only the SAE 10 oil ignited iﬁ the low temperature region with
a nonignition zone in the intermediate temperature region. With spray
injection the nonignition zone was completely eliminsted and the SAE 10,
20 and 30 oils gave reasonable ignition temperature in the low temperatﬁre
region. The spray injector could not satisfactorily handle the SAE 40 bew
cause of its high viscosity; nevertheless, a drop of 60° was effected
for this oil. The EP additives responsible for "Bardahl's" unusual
properties evidently did not markedly influence its ignition progerties
as an SAE 10 oil. An aircraft oil, 1120 ANO 8 (reciprocating engine)
whose viscosity was greater than an SAE 40 oil gave ignition tempere-
tures in the same region as the SAE 40 oil. All of these products
left heavy, tar-like residues in the ignition cup.

The chemical structure comsidered to be chiefly responsible for

the sponteneous ignition characteristics of these oils is the
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polymethylene chain containing a high percentage of secondary hydrogen
atoms. The aromatic and naphthenic content is assumed to have only s
minor influence on the ignition properties.

(b) Polyisobutylenes and Hydrogenated Polyisobutylenes.

The high ignition temperutures of isooctane, diisobutylene, and
other highly branched paraffins suggesied that an oil with a high degree
of brasching would have & high spontaneous ignition temperature. Accord-
ingly a series of polyicobutylenes were syn:hesized and some were hydro-
genated to the saturated derivatives.

The di~ and tri-isobutylenes were prepared by the sulfuric acid
dehydration and polymerization of t-butyl alcohol(sz'ss); tetraisobutylene
wes prepared by the boron trifluoride~catalyzed dimerization of diiso-
butylene(34). 1,1-Dineopentylethylene was obtained by the permanganate
oxidation of triisobutylene which leaves only this isomer unchanged(35).

The higher polymers were prepared by the boron trifluoride catalyzed
polymerization of iéobutylene(SQ). By simple vacuum distillation poly-
isobutylene swumples of varying viscosities wefe obtained. IHydrogenation
of these products over Raney nickel catalyst at about 180°C gave the
saturated derivetives. A liquid copolymer of isobutyleﬁe and styrens
(boron trifluoride catalyst) was also prepared. The spoﬁtaneous ignition
characteristics of these products are summarized in table II and figure
156; other properties are listed in table 111,

The ignition temperatufes of all these materiamls show a remarkable
resistance to spontaneous ignition when compared with all of the other
lubricants tested. It is significant that spray injection did not
lower the ignition temperatures obtained by the dropwise procedure.

This is in merked contrast to the results obtained for the other lubri-

cants wherc spray injection effected a considerable lowering of ignition

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cee gLe Jdouh1000) eusTAgnyousI-ousdllg
80¥ 18534 pPe318UeZoapPAH (G) 00% 187 enpisey (§)
01¥ veb pegyvuadoapiy (%) 08g cO¥ 8/003-091T (¥)
83y 39% pejvuedoapiy (¢) 99¢ ¢0¥ g/v11-01T (¢)
56 0L o0¥ g/06-04 (3)
Sge 26¢ i g/0,8%> (1)
69BTT}I5TU SUSTAINQOSTATOJ
$9¢ 2ES - 8u 0380y
J9TM ousTLqnqos TATOd
*4t IBTNOSTOH UITH
JO uogjqu3tdioedd J4e3Jy
8¢ 06¢ 30NpPoOdq UOT30BOY TBUTITJIQ
)
Q EoURTAINQOSTATOd JLeUdTH
: 36¢ 9¢ P BI49] *s3d ¥
TdL *s3a g
Ta "3d 1
QAINYX T
Q9% b 4574 "PUROBDIBXOUOST AR S1v @Q@thﬁﬂcm T8I} 8]
g8¥ 008 ULOOPOPOST STy 807% 1% BUSTAGNQOST T,
98% 008 sumyqy TLyusdoeut =TT G2y GS¥ oueTAysy TAguedoeutq-T‘T
209 e18 euB30008] geH 0Ly suoT£40qOs{ Td
AOTJJTY MOTSJATY AOTJJITY
MOTJJTY MOTIJITY cﬂﬁ\oo GQe1 1 ouey QHS\oo g3
Od 97, CHE\OO geT UOTI320LUT | UOTZIPPY ©98TMdOd (]
UCTAToPV esimdodayg PUnOGUoO) Aeadg , PUNTTWO
ToTITS To 4 L1°S

POTEJINGBS

Pojedngesuly

S6ATIBATJIS( POJBUSTOJIPAH JLIO]

IT ®TIGBL

pur seuesTAqnqecs L1004 sSNOTABA JO Ss8danjevdeduwiv], UOT3TUS] SNLBUEBLUCAS

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ot et e+ iy M

cy g PR H '

H

A gC0T B T Y UeS 15; ¥oauowy e Ay Ercm ﬁfi.

;G.Qnm ooz - ogol

' : u : i . : : i

4 ameregnaper

(

i

o iwmrmeM_,

.mfo%?\:

R U S A A T R I - S T : S
i i : : B . i ' ' . : : : e
f( e, — drred P S SOV e e S S T S e e B o - e
&»OH;H.HHMW mx«wug\OT O -~ U0 “wn_f‘w ﬁ@lww E wgﬂ lafe——— L . ; L , - : C . ==
. b ;- : Ty B . l . ; . ; [ i . )
, . 1 s i 3 i H R H +
- UCTITPPY bBIMdpads v : :
1 : M : ! . w
- m«bp:scmﬁ: of.ll P : _
0! ,..m.wm.ﬁmu&xt " ..I D H o Co
! £ , i

08y T Amaaﬁmuﬁnomﬁﬂ: —

o Jlﬂ??ﬂﬂﬂ%ﬂﬂ.@r@ﬁ&ﬁOrw.w‘.,.,,. 43;@1&0@ Om.# ﬁvﬁdp,\rh} T T ‘ .mvgmﬂmﬁ

: i

: H ;
H : .
KR } ; ; ! i
} f ! :
i x !
} i : { i :
$ : 4 e g e ¢ e
i 1
t { ! .
i H i . 5
: 3 S —
i 1 + i i
H i H
' l t
i i :
¥
[ S, o e e
: i . :
H H N H
i i : :
i 1
; .
N H . i N
. i : - : -

.mmbﬂ,ymsﬂm: U@pucm Emhw uﬂaaw wﬁawmwmmmwm@:Nwahﬁam eys 3o vmxﬂvdh way woj3TuULL mﬁomﬁmuf,_»mﬂ

H : t

o T * T ; B .n.\ a.udw.ﬂd e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



< Sqo

Table ITIl

The Polyisobutvlenss and Their Hydrogenated Derlvatives-
Refractive Index, Boiling Point, and Viscosity Data

Compound : n§5 b.p. °/mm Approx. Visc.
SSU - 100° F

Diisobutylene 1.4073 101.5/740
Isooctane 1.3890 98.5/740
1,1 Dineoventyl Ethylene 1.4271 177-178/740
1,1 Dineopentyl Fthane 1.4169 177-177,5/740
Triisobutylene 1,4282 176-178/740
Isododecane 1.4170 177-178.5/740
Tetralsobutylene 1.4475 152-153.5/53 ’ 30
"Isohexadecane" ‘ 1.4370 118-119/15 28
Polyisobutylene Distillates

(1) 1.4327 <45/2 22

(2) , 1.4507 76-90/2 29

(3) 1.4612 '110-114/2 50

(4) ~ 1.4712 160-200/1=2 135

(5) 1.4894 >200/1-2 7000

(3) Hydrogenated 1.4524 - 50

(4) Hydrogenated 1.4638 ‘ 125

(5) Hydrogenated 1.4840 3000
Styrene-Isobutylene Copolymer 370
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temperature. In following the pattern set by the simple branchgd
pareffins and olefins (page 32) the ignition temperatures of the hydro-
genated polyisobutylenes were some 30 to 60 degrees higher than the
corresponding polylsobutylenes.

Previously polyisobutylenes have not been considered desirable as
synthetic lubricants, the undesireable properties being poor lubricity
and poor thermal stability. However, in view of their superior resis=
tance to spontaneous ignition, it seems that a re-evaluation of their
properties would be in order. Extreme pressure additives ocould give
the desired lubricity and, if not too great, thermal losses could be re~
placed. Another remarkable property of the polyisobutylenes is their
¢lean burning characteristics. Under all the conditions explored in
this investigation the polyisobutylene left substantially no residue;
this is in merked contrast to other lubricants such as the paraffinio
"0ils which leave a-heavy lacquer-like residue.

In view of the results shown in figures 13 and 19 blending with
other lubricants and use of anti-oxidant additives suoch as di-p-tolylamine
show further promise for polyisobutylenes as special lubricants.

The copolymer of styrene and isobutylene gave an ignition tempera-
ture lower: than that of a polyisobutylene of comparable viscosity.

This at first sesemed contrary to what would be expected for the incor-
poration of & phenyl group into the polymer; however; along with each
phenyl group comes a methylene group and a tertiary hydrogen.
H
4@4%44§-
Comparison of this structure with cumene wguld indicate that the mole-
cule is quite susceptible to peroxidation at the position of this

tertiary hydrogen.
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(¢) Polypropylenes.

The exceptionally high spontaneous igniticn temperatures of the poly-
isobutylenes prompted the evaluation of the polypropylene structure which
would show an intermediate degree of branching between the polymethylene

-;nd polyisobutylene structures. The polypropylenes were prepared by
dehydration and polymerizat%?n of isopropancl with a BFa-H5P04 cataiyst.
The following table shows & portion of the data collected by Mr. Swarts

for these compounds.

Spontaneous Ignition Temperuture (°C)

Dropwise Addition Spray Injection
Alr Flow Air Flow Air Flow

Polypropylene 125 co/min O ce/min 125 cc/min
Irimer 298 290
Tetramer ' 288 284
Hydrogenated Tetramer 385 (266)
Pentamer 274 (266) 266 (254) .
Hydrogenated Pentemer 273 (228) 248 (220) 272 (230)

Values in perenthesis indiocate lower limit of smoke pulse ignition.

These values with one exception are in the low temperature range
of ignition. The reason for the low ignition temperatures in spite of
the considerable degree of branching must be due to the tertiary‘hydrogen

atoms that accompeny the branching.

(d) Polyethylenes.

Three German polyethylene oils were obtained through the courtesy
of Dr. W. A. Zismen of the Naval Research Laboratory. These oils were
synthesized using an AlCl3 catalyst for the polymerization of ethylene.
According to Whitmore's carvonium ion mechanism for polymérization a
certain degree of methyl branching would be expected for these oils.

/76
(26) in their examination of

This was confirmed by Murphy and Sanders
these oils. Their results indicated that the structure was best rep-~

resented by & methylene chain with occasional methyl branchihg, conteining
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one double bond per molecule and free from aromatic and naphthenic
groupe. Therefore, not & great deal of difference is to be expected
between these and the n-paraffin cils of comparable viscosity. For
these compounds & heevy tar-like resldue remained after ignition. The

spontanecus ignition results are shown in the following table and figure

16.
' Spontaneous Ignition Temperature (°C)
Dropwise Addition
Closed Cup Open Cup
~ Air flow Air flow
Lubricant 125 cc/min 125 co/hin
German 011 V=~-120 245
German Oil S8 903 388 390
German 0il 88 906 420

(e) Polyetﬁers

In view of the importance of the éolyethers as synthetie lubricants,
s large number of these have been tested; these included both the "Ucons"
(Carbine and Carbon Chemieals Corporation) and the "Polyglycols" (Dow
Chemical Company). The results are givén in tables IV and V and figures
17 and 18.

The polyethers, in a rather‘general~way concerning spontaneous
ignition characteristics, are similar to the paraffin oils. With drop=
wise addition procedure the spontaneous ignition temperatures increase
with increasing viscosity and molecular weight, and the ignition tempera-
tures of oils in the intermediate viscosity ranga'dropped considerably
by using spray injection. The actual values of the ignition temperature
are higher for the polyethers of viscosity comparable with that of paraffin
oils, but the general shape of the ignition curves is the same.

A marked advantage of the polyethers over the paraffin oils is their
‘small ignition residue. Those igniting in the low temperature range
left a relatively slight lacquer-like deposit; those in the intermediate

range left a dark residue which gradually disappeared; those igniting at
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Table ¥2 W

Sovontansous Ignition Temperatures of the "Ucons™

» S.I.T., ©cC.
Iubricant Dropwise Addition Spray

Closed Cup |Onen Cup Injection Hemarks
125 cc/min} 128 ce/min| 125 cc/min
Airflow Airflow Alrflow

T3 1800 X 412 385 : No residue at
LB 1718 405 350 3597 400° C but at
LE 400 X 397 352 350-375° a dark
LB 385 380 355 330 residue forms
L3 170 X 375 355 which slowly
L3 135 350 333 = oxldizes away.
LE 70 X 240 s 216 -Jy Lacquer-1like
LB 65 280 3% 210 residue
50 HB 5100 412 364 ~] ®Residue at lower
50 HB 280 X 400 358 temperatures is
50 HB 260 376 358 321 S black and lacquer-
50 HB 100 350 3483 2583 like
50 HB 55 255 3% 235
75 H 1400 410 ~ D375
75 H 480 396 376 -
DLB EHD 190 B 374 340 " Lacquer-like residue
DLB 50 BX 5256 3%
"g1a" 382 >378 Resldue oxidlizes away
DLB 50 B 330
DLB 100 B 352

#  JMuch higher values in open cup than in closed cup - no definite
value determined.
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Spontansous Ignition

~bo-

s
Table ¥2EI \

Temperatures of "Polyglycols" (1)

S,I.7., ° c.

Lubricant(g) *Drovwise Addition Spray Injection
Closed Cup| Open Cup 125 ce/min
125 cc/min 125 cc/min alrflow
Alrflow Airflow

15-200 414 406

?-2000 3092 378 360

P~1200 375 352

P-750 370 345

P-400 355 318 250

=600 400 400

Fi=400 384 354

KE=300 368 365

E-200 350 (270)(3)  _

(1) Ignition residues similar to those for "Ucons", Table VII.

(2) P series =
¥ series -
Numbers

Polyprooylene Glycols

-

Polyethylene Glycols

indicate average molecular weight.
Sample 15-200 is a Polyglycol "Derivative'

(2) Below 350° a zone of non-ignition was observed; a small
zone of low temperature ignition then was found in the
range from 270-230° C.
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high temperatures burned cleanlys This is the result of the ignition
temperature itself, rather than of any structural differences in the
three product rengese.

The polyethers are polymers of ethylene oxide, propylene oxide,
or a combination of the two. The polymer ends may-or may not be "stop-
pered™ with iether or ecter groups.

A sample of tetra;penta-propylene-glycol-normal-butyl-ether*acetate

geve an ignition temperature of 326°C at 125 ce/minvte air flow.

(£) Diesters.

The diesters are emong the most promising of the synthetic lubricants.
In fact, di(2-ethylhexyl)adipate has been made available in commercial
quantities. Therefore, it was of interesf to evaluate their spontaneous
ignition characteristics. These chearacteristics haﬁe been adequately
discussed in previous sections (page 35).

Although the diesters have much to recommend them as synthetic
(29)

lubricdnts they can no longer be considered free from low ‘tempera-

ture ignition as previously assumed.

(g) & Jet Engine Lubricant.

A sample of a jet engine lubricent was obtained from the Cleveland
NACA Laborstory. This oil had a low viscosity and yet gave a spontaneoué
ignition temperature of 320%C at 125 cc/hinute air flow which ;s con-
siderably higher than the ignition temperatures of the paraffin oils and
polyethers of comparable viscosity. The structure of this oil was not
given us so an interpretation of its spontaneous ignition behavior cannot

be advanced.

(n) Summary

Table VI on page 65 summarizes the spontaneous ignition data obtained
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on the ﬁarious lubricants examined. The fundamental structural units
have bheen included for correlation with this ignition data. |

The polyiscbutylenes possess the highest ignition temperatures and
show the greatest degree of branchinge. The polypropylenes show an inter-
nediate degree of branching but much iower ignition temperature than
would be expected on the basis of the branching concept alone. Therefore,
it is obvious that branching alone is not sufficient to produce high
ignition temperature. The critical factor for high ignition temperatures
appears to be the reduction of secondary and tertiary hydrogens to a .
minimum. A completely methylated carbon chéin would give a structure
with all prinery hydrogens. Such a structure is apparently ruled out
on practicél grounds because synthesis of such a polymeric structure
has not been realized due to the steric strain involved. Therefore, it
seems that the polyisobutylene structure is the closestbapproach to a
practical structure of ﬁinimum number of secondary end tertiary hydrogen
atoms and maximum number of primery hydrogen atoms. This gives added
support to Boord's postulate(37} that the relative oxidation rates of
hydrocarbons mey be correlated with the reactivities of their hydrogen
atoms, the order of reactivity being z° . 2° .1°,

Full significance as to the effect on ignition properties of ether
and ester groupings in a lubricant molecule cannot be given at this timeg
however, the relative numbers of primary, secondary, and tertiary hydrogen
atoms is considered still to be the dominating factor.

Some additional speculation may be warranted regarding the nature
of the ignition residue deposited by these various lubricants as related
to thelir possible intermediate oxidation products. The polyisobutylenes
would be expected to yield mainly acetone and formaldohyde(SB). All

except the polyisobutylenes would be expected to yield other aldehyde
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Table ZFL VI

Soontaneous Ignition Temneratures of Various Lubricants

Lubricant Aporox. Ignition Range of Spontansous
Primary C-H Residue Ignition Temps.,® C.
Bonds, % (Viscosity Range:
100~-300 33U at 100" F)
Dropwise Spray
Paraffin and
Naphthene Mixture 10 Heavy ca 320 £270
ya CH2 ;n : Lacguer
Polyethylens
&L CH -CH_ 4 C 30 Heavy ca 320 < 270
2 2 'x
CH Lacquer
3y :
Polypropylene 50 Heavy ca 320 ‘ £ 270
£ C - g 9 Lacquer ’
n
Polyisobutylene 80 None > 400 > 400
tc- § 3
Polyethylene Glycol 0 Lacquer: ca 350 £290
§ C-C-0 4n Burns Away
Polypropylene Glycol 50 Lacquer ca 350 < 290
£ C - 8 9 Burns Away :
n
Dlesters 30 Lacquer ca 350 <290
Di - (2-FEthyl Hexyl)Adipate (£ 100 SSU)

Di - (1-Ethyl Propyl) Sebacate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-5 -

intermediates in addition to formaldchyde; all except the polyisobﬁty—
lenes deposit lacquer=-like residues. These lacquers from the polyethers
should possess higher oxygen conftents and more X-positions reactive to
further attack; this situation may help to explain the readiness with

which these residues disappear.
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4. Effect of Additives on upoutaneous Ignition Temperatures.

The use of additives is an attractive possibility for modification
of conventional lubricants to impart desireable iguition resistant
properties. . Accordingly a number of different avenues of the effect
of additives on spontaneous ignition were investigated.

(a) n-Dodecane with Various Additives.

Approximately 65 chemical compounds were tested at céncentrations
of § mole percent for their effects on the spontaneous ignition tempera-

ture of n-dodecane; these results are summarized in table VII. The
greatest rise in ignition temperature was achieved with tetraethyl lead.
Of the more usual inhibitors of free radical reactions, three secondary
7 Amines wore most effective in raising the ignition temperature. These

were ethyl-o-toluidine, diphenyl-amine and N-methylaniline. Di=tert=

butyl peroxide geve the only mejor drop in ignition temperature; this
mixture vehaved in much the same way as did dihexyl ether, that is, low
ignition temperatures and very short induction periods.

The effectiveness of the secondary amines with methylation in the
para pocition suggested the use of di-p-tolyl amine. This amine was
synthesized by heating an equimolar mixture of p=toluidine and pe=toluidine
hydrochloride. Di-p—tdlylamine was more effective than the other amines
listed above actually raising the "hot flame" ignition temperature of

dodecane to 320°C.

(b) The Effect of Additives on the S-shaped Ignition Curve of Do~
decane-Dineogent?lethane Hixtures. |

The manner in which the ignition boundary of dodecene-dineopentyl-
ethane mixtures is pushed back by di-p-tolylamine, tetraethyl léad, and

dilaurylselénide is shown in figures 19, 20, and 21.
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TABLE ¥ VII

5.1.T, of Dodecane Conteining Various Additives'(5 mole %)

Spontaneous Ignition Temperature (125 ce airy%dn)

Additive 230 235 240 246 250 255 260 265 270
! T
i ! i
. i :
None : l ? 232 .
H i :
Amines E | ?
“Aniline j | 243
o-Toluidine : j § 255
p-Toluidine | | 259
2-Amino~l,3-dimethyl benzene \ : ! f 265
2-Amino-l,4-dimethyl benzene } - ; 266
5=-Amino-l,3-dimethyl benzene f 265
. 4=Amino-l,3=-dimethyl benzene i i 267
N-Methyl aniline ¢ ; 3 268
Ethyl o-toluidine | } e e = B S 271
Diphenyl amine 2 IS TURUURON VOV W : ......._M_wa;_- 2792
o=Chloroaniline P , 5 237
m-Chloroaniline | i ; ‘ | ! 239
p=Chloroaniline | : : ; ! g 245
N,N-Dimethyl aniline - | ? | i | 232
Triethanol eminel - ; j i Z 1 234
Diethanol amipol N i | N § ! : 233
Mono ethanol sminel - : | { ! § | ' 234
Pyridine ' = | ; i § | 233
o-Nitro aniline ! § 5 ] i 235
m-Nitro aniline i - | | | C 234
p-Nitro aniline E— ; ; % f 231
Diethyl amine 1 ’ | # 248
Benzyl amine e - § L 238
‘Triethyl amine e | | : i 234
| : : :
Phenols ; ‘ ; | 5 i .
Phenoll f ! § ! i 230
Resorcinol : | , | | 235
Hydroquinone; ; ‘ ; ! 4 245
‘Guaicol ;- — | | { 244
! : !
| | | | .
H%drooarbons | ! { | | : _
enzene ' } ‘ | i 232
Toluene 4 | ! 232
o=Xylene - f f 233
m=Xylene Lo | 234
p-Xylene - - 5 234
Mesitylene. L | | 234
1,2,3 Trimethylbenzene — i | 234
1,2,4 Trimethylbenzene | % | 238
Triethyl benzene - i i | 236
Hexamethyl benzene ‘ ; | 246
Hexaethyl benzene | ! 230
Naphthalene | | g 236
& Methyl Naphthalene ! : 238
- ; | |
Biphenyl lJ | é i 231

1 These addit ives were not completely miséible with Dodecane
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Table VII (Cont'd)

Additive . Sponteneous Ignition Tempereture (125 cc air/hin.)
230 235 240 245 250 265 260 265 270
None : - T 232
Alcohols
Isopropenol 237
Benzyl Alcohol ‘ 236
Decanol , 240
Naghthenatesz %
Cobalt Naphthenate 239
Calcium Naphthenate . . 238
Iron Nephthenate - - 239
Menganese Naphthenate ‘ ! 238
Lead Naphthensate , ; 238
, s‘
Carbbnyl Compounds , ; .
Acetophenonse t % i 232
Benzaldehyde - 5 ; 231
Cyclohexanone - : 233
{
o
Halogen Compounds : !
Bromobenzene § 232
Chlorobenzense T i ; ; 232
Carbon tetrachloride — { ! : 230
1,1,2-Trichloroethane 4 ' " ' ! 232
Miscellaneous ‘
Ethylbenzoate + 232
Nitrobenzene ' - - 231
a-NMethyl, o-trifluoromethyls tyrgne 237
Isopropyl ether - : é 234
Isoamyl mitrite ; 237
Cumene Lydroperoxide - | 230
t-Butyl peroxide FQS g 199
Totracthyl lead Air Flow Rate 125 co/min 25 cé/min O co/min
5 mole % 580 434 420
1 mole % 526 436 420

The mejority of the additives listed here were obtained from readily available
sources and further pruified by simple distillation or recrystallization.

2. 5% of Solution of Naphthenate by weight in Dodecane
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Di-p-tolyl amine seems %Yo have eliminated any glow or cool flame
ignition region. This is significent because compounds capable of
inhibiting chain reactions in the cool flame region are considered the
most powerful antiknocks. Another significant feature with lubricant
blending implications is that whereas 5 mole percent di-p~tolyl amine
raises the minimum flame ignition temperature 80° for dodecane and 8°
foﬁ 1,1l-dineopentyl ethane, the rise is 190° for a 50-50 mixture of the
two paraffins.

Tetraethyl lead produces somewhat of a leveling ‘action on the ig-
nition curve similar to its action upon the knock ratings of verious
fuels. There is a considerable difference between the ocurves at the
125 cc/minute and O oc/hinute air flow.rates; this parallels the dif-
ferent knock retings obtained under different test conditions.

A sample of dilaurylselinide was obtained through the courtesy
of Dr. W. A. Zismen of the Naval Research Laboratory. .The behavlior of
the compound is somewhat similar to that of tetraethyl lead with the
exception of & slight ignition zone in the low temgfrature range. Also
at © mole percent concentration the behavior was quité unusual, the
spontaneous ignition temperature of dodecane being raised above'thét of

dineopentylethylene.

(o) Influence of Halogenated Compounds on Spontaneous Ignition of
Dodecane and Dineopentylethane.

(39)

In view of a recent literaturs review on the effeotiveness
of halogenated compounds as fire-sxtinguishing agente, it was suggested
that consideration be given them in the procedure employed here. The

results obtéined are shown in the following table.
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Influence of Halogenasted Compounds on Spontaneous Ignition
Tenperature of Dodecane and 1,l-Dineopentyl Ethane *

Spontaneous Ignition Temperature (°C)

Additive 5% Mole In Dodecane In 1,1-Dineopentylethane
None 232 498
Ethylene dibromide » 234 468
Iodine 260 488
Phosphoryl Chloride 233 490
Methylene bromide - 234 460

* Air flow rate = 1256 oc/min; dropwise addition procedure.

These date indioate that halogenated compounds cannot serve as
effective ‘inhibitors of spontaneous ignition in spite of the fire
extinguishing properties. Conversely, antilmock compounds have little
value as fire extiﬁguishing egents and often are of a highly inflammable
nature. |

A more detailed study was made of the influence of iodine vapor
on the ignition of methane and 1,l-dineopentylethane; the results are
shown in figure 22, Iodine inhibits the ignition of methane but pro=-

motes & cool flame ignition with dineopenfylethane.
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5. Effect of Metal Surface on Spontaneous Ignition Temperatures

A variety of metals are used in aircraft constrgction. Acoordf
ingly it was obvious that some effort should be made in determining
the role of the metal surfaces in influencing the spontaneous ignition
of fuels gnd lubricants.

A series of eight metals were obtained from the Cleveland NACA
Laboratory. Ignition cup assemblies similar to the one deseribed on
page 9 were constructed from the following metals: stainless steel,
copper, aluminum, black iron, brass, inconel, and an aluminum alloy
(designation 24=S). A sample of magnesium metal was also obtained
but only a bass pleate was constructed from this metal.

While a high degree of quantitgtive precision was not obtained
throughout the whole range of ignition temperatures investigated it
does seem that significant generalizations could be made concerning
the effect of metals in the low temperature ignition regiom, in the
high temperature fegion, and in an intermediate temperature reéion. A

Teble VIII shows the results obtained for a series of n-paraffins,
A=olefins, alecohols, and ethers, all of which ignite in the low tem~
perature region. The various metals show substantially no effect.
For any oné compound the difference between the high-low values for
the series of motals was never more than 6°C. Also it seems that the
degree of oxidation of the metal surface (table IX) has little effeét
on the ignition temperature of compounds in this low teﬁperature
region.

With compounds igniting in the high temperature region the
catalytic effeot of the metal surface becomes pronounced. This is

shown in tables IX and X. In table IX a number of compounds were

ignited in the stainless steel cup with the cup subjected to verying
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Table VIL

Effect of Metals on Ignition of Compounds of Low 3.I.T, Values

Compound Ignited

Botal Tetradecane Dodecane Octadecanse 'Dodecene Octadecene Decanol Dodecancl Diloctyl
: Ether
Stainless Steel 232 232 235 ”257 251 291 283 207
Copper 233 230 240 261 255 288 278 206
Aluminum 230 235 235 256 251 289 280
Black Iron 233 235 237 257 252 294 284 208
Brass 234 - 234 241 255 253 289 278 208
Inconel » 230 | 235 236 256 251 292 281 | 207
Alumimm Alloy (24-S) 231 232 - 237 256 251 289 280 208
Magnesium 233 —~— R 257 252 — — —
Difference bstween
high and low values 4 5 6 6 4 6 8 2

Ll -
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degrees of surface oxidation. In the case of p-xylene a difference of

;

more then 50°C was observed between the bright metal cup and the oup

heavily oxidized. This fact proves troublesome in determining repro-

ducible ignition temperatures for materials which ignite at high tem-

peratures; the metal cup must be cleaned frequently to prevent the

gradual rise in ignition temperature due to the rather rapid oxidation

of the metal surface at these temperatures.

Table IX

Effect of Condition of Metal Surface on Spontaneous
Ignition Temperature of Hydrocarbons

Condition of stainless=

Spontaneous ignition
temperature (°C) at

Compound steel surface Air flow Air flow
125 ce/min 25 ce/min
&-Methylnaphthalene Oxidized 579
Bright metal 563 547
p-Xylene Heavily oxidized® 697
708 704
710 708
7 Bright metal 657 650
m-Xylene Heavily oxidized ' 700
Bright metal 652 645
Toluene Slightly oxidized 644 640
Bright metal 636 630
Cetane High temperature;
oxidized cup 234 232
Low temperature;
oxidized sup 232 226
Briszht metal 230 232

1Data given for three successive runs.

Table X shows the effect of six metals on the spontanecus ignition

temperature of a highly branched paraffin, l,l-dineopentylethane. The

range of values were 44° at the 125 cc/minute air flow rate and 65°

at the zero air flow rate.

It is perhaps significant that the ignition

temperature increased with the extent of surface oxidetion. The reason

might be that the increase in surface area intensifies the chain-breaking
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action of the walls and higher temperatures are needed to overcome the

action by providing more chain initiators.
Table X
Effect of Metals at High Temperatures on the Spontaneous
Iznition of l,1-Dinecpentylethane
 Spontaneous Ignition

Temperature (°C) | Final Conditiop of
Metal - Alr flow  Air flow Metal Surface
125 ee/min O cofmin | ©
Copper 540 540 Heavy oxide coating (flakes)
Black Iron - 538 507 Dark oxide coating
Brass 610 494 Tarnished
Aluminum 4lloy 803 . 4895 Dark grey surface
Inconel 502 482 Slightly tarnished
Stainless Steel* 496 475 Slightly tarnished

*These values were determined immediately after the oup had
been cleaned with fine emery cloth. :The slightly higher
values in table 1II, page 52, were determined.after a few
preliminary runs, which seem to bring the surface of the
oup to a condition more favorable for reproducible results.

In the following table spontaneous ignition temperatures for
4-isopropylheptane in four different metal cups are listed. The dif-
ferences observed here probably result from shifting of the nonignition
zones. Accordingly some compounds in the critical intermediate tempera-

ture range may have even wider differences becsuse one metal may not

permit low temperature ignition while another will.

Spontaneous Ignition
Temperature (°C)
Metal Air flow.
125 oc/min
Inconel ’ 2567
Copper 256
Stainless Steel 288
Aluminum Alloy 281

Therefore, although no consistent trend was observed with the
individuel metals thrcughout the whole range of investigation, it

8eems that the following géneralizations warrant considerations
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(a) Compounds having long polymethylene chains ignite via the
low temperature mechanism and are influenced only slightly by dif-
ferences in the metal surface.

(b) Compounds of an sromatic or highly branched paraffinic nature
ignite via the high tempsrature mechanism and are markedly influenced
by the condition of the metal surface, especially the extent of surface
‘oxidation of the metals.

(c) Cqmpoﬁnds such as some moderately branched paraffins, having
borderline ability to ignite by the low temperature mechanism are
probably influenced by metals to the extent that the metal is able to
shift the nonigniéion zone and the sensitive low temperature ignition

peninsula.
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6. The Slow Vapor Phase Oxidetion of Organic Compounds as a Route

to the Initial Reaction Processes leading to Spontaneousilgnition

This section of the report will describe a few exploratory experiw
ments on what we believe to be & new and promising approach to the
study of the réaction processes 1e£ding to sponteneous ignition.
Basically this approach is to partially oxidize a selected organic com-
pound by passing the compound and oxygen throqgh & hot tube, 1mmediately.
cooling and condensing the vepor and then enalyzing the reaction mixture.
This approach has been used before as recorded in the’literature; how-
ever, in these investigations the contact times were of the order of
many seconds and the reaction tube diameters of the order of a few centi-
meters. The results obtained in these investigations haﬁe’shawn & large
number of components to be present and no definite mechanism of the
reaction could be substantiated from the data obteined. The essential
differences in-the procedure uséd here have been contact times of the
order of tenths and hundredths of &« second and reaction tube dimmeters
"of the order of ome or two millimeters. Under these'conditions the
amount of oxidative conversion will be small but this should give only
-the intermedietes associated with the initial reaotian processes. The
quantitative characterization of these initial intermediates should
permit a better eveluation of the mechanisms proposed for such reactions.

Table XI shows the results on a series of runs with a stoichiometric
isooctane-oxygen mixture atvvarious temperatures and contect times.
The numbers on the following sketch indicate the position atb whiqh

analyses were made; these numbers correspond with those in table XI.
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On the‘walls of the first two traps & solid ice-like éubstanoe
collects. This fraction contains an appreciable peroxide and carbonylb
concentration. The bulk solution in the first two traps ocontain olefins;
carbonyl oampouhds, an addivional peroxide concentration and the unre-
acted isooctane. Acids in very small conoentration.may be:presont.

The emount of reection decreases with a decrease in the contact
time and/or a decrease in tempereture. The ratio of olefinsperoxide
seems to be rather constant over the range of contact timés and tem=-
peratures investigated. The olefin:carbonyl ratio decreases oonsiderably
for the shortest contact time.

A more detailed analysis wes then made of the reaction occuring
at a temperature of 550%C and & contact time of .23‘seoomds. The
six~tube reactor was used and approximetely 150 mls. of isooctane were
passed through the reactor. The general group analysis gave the fol-

lowing data (millimoles per mole of isococtane passing through the

breactor)s
H20'2 | 5.79
Other Peroxides 177
Olefin 9.35
Carbonyl 5.13
Acid : -

The olefin contains at least two components. As the temperatﬁre
of the reaction mixturé rose from =70° to room tempersature a volatile
fraction was collected. Water was added to this fraction to wash out
any carbonyl campounds. The vapor remaining was passed into a trap
containing bromine. In this fashion a small amount of a bromine deriva-
tive was obtained. Two samples of pure isobutylene were brominated:

(1) with & water solution of Br,; (2) with pure Brz.' Refractive indices
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were then ﬁgken on these three samples:

Dibromides ' n§7

Isobutylene

(1) with bromine water |1.5158
- .(2) with pure bromine 1.6157
‘Sample 1.51564

Therefore, it is ooncluded.that the olefin fraction contains some
isobutylene.

The reaction nixture was fractionated.énd it was observed that
the fraction coming over at tﬁe boiling polnt of isooctane contained a
definite olefin concentration with the bromine titration. Dry hydrogen
bromide from‘a bromine~tetralin generator was passed into the remaining
pﬁrtion of thisifracﬁion- The isooctane was removed by a simple
vacuun distillation leaving a smsll amount of a bromo derivative.

This derivati;e wes compared with a derivative obtained in a similar
fashion from & known_diisobutylene-isooctane mixture. The refractive
index of the standard was 1.4550 and for the sample 1.4565. The con-
clusiqn mede on the basis of this data is that one or more 08 olefins
Iare present in the reaction mixture, and this 08 olefin fraction may
contain the components of diisobubylene.

The analysis of the peroxides by first the titanium sulfate~colori-
metric method and second the potassium iodide-aceﬁic acid method show &
difference in results. Because titenium sulfate reagent is specific for
H202 the difference must be due to an alkyl peroxide or hydro peroxide.
Per-acids are ruled out because no appreciable acid concentration is
observed. Further evidence of an alkyl peroxide was obtained by vacuum
distilling enother reaction mixture holding the distilling pot at room
temperature. All the volatile~material, the bulk of which was isooctane,

was removed leaving & small amount of material which showed a high per-

oxide conasentration.
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Conclusive evidence for the presence of formaldehyde was obtained
by the reaction of formaldehyde with methone to give a white orystalline
precipitate, mep. 186°C; m.pe (literature) 189°C. The presence of ‘
acetone is suggested on the basis of the following deta obtained in the
chromatographic separation of the 2,4-dinitrophenylhydrazones obtained

from an earlier experiment run at a temperature of 600°C

Fraotion Weight mg. Melting point °C
1 .5 162 - 17§
2 1.6 170 ~ 185
3 .2
4 4.8 109 - 116
5 16.2 129 - 122

Melting point of acetone derivative - 124°

Small amounts of other carbonyl compound may be present also, be-
cauce 8 number of bands are observed moving down the chromatographic
column.

Another run was made at a much shorter coutact time to determine
which of the components observed previously would diminish in relative
amount. The temperature was 550o and the contact time .04 second.
Genersal group analysis gave (millimoles per mole isooctane passing
through the reactor):

H202 .31

Other peroxides .05

Olefin .76
Carbonyl ——
Acid ——

The carbonyl fraction is the one that has decreased in relative
amount to the extent that no carbonyl cqmpounds wore observed in the

analysis.
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It will now be interesting to see how these cbservations fit in
with the-c§rrent theories of vapor phase oxidation.

Isooctene was selected as the compound for this exploratory study,
since the presence of a single tertiary hydrogen.etom should make for
more selective, and accordingly, less complex reaction mixtures. There
is a general agreement that the initiation of the reaction involves the
loss of this hydrogen atom, presumebly with the formation of the <OCH

radical <4O’ 41).

¢ E 0O .
CuGmCmGnC = GefmCmCaC + *OOH
c ¢ c ¢

The resultant alkyl radical may then undergo one of several reactions:

(1) Formation of & hydroperoxide (original mechanism of Walsh(4o))

. ¢ C
c-g-cc-q,-c + 0, = (-0-C-C=00*
C C o c c
¢ ¢ ¢ ¢
C=C-C-C-00¢ + RH =% C=(~C~G-OOH + Re
c ¢ cC ¢
42,43
(2) Addition of oxygen and decomposition of the peroxide radical( +45)
. 42,544 ,%
(3) Loss of a hydrogen stom to yield an olefin( 2.:44,45)
¢ . ¢ ¢
CaC=CuC=l —> C-Q-C-Q:C (or C-Q-ng-C) + He
¢ ¢ ¢ ¢ c

This last reaction possibly lias received considerable support
recently. Garner and Potty(45) report that olefins were obtained from
the oxidation of ?sooctane,vheptane and methylcyclohexmne. Kboljman(46)
obtained propylene in the oxidation of propane.

The following table 1s suggestive of the influence the reaction

condition has on the tendency toward olefin and psroxide formation.
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Compound Reference Contact Maximum Total H,O
Oxidized Time Clefin Peroxide Yiaid
$econds) Yield Yield
Heptane Gerner and | 9 - 13 27% N .0001% —
Petty (45)
Propene Kooijman 4 83% 15% o%
(46) :
Isooctane | Page 83 «23 ~ 60% > 70% >60%
< Page 85 .04 ~ 94% > 50% >40%

By using the very small contact time the reaction products were
limited to olefins and peroiides.v

Therefore, this date (at small contact times) lends support to’
reactions (1) and (3) listed on the previous page as ‘the important
initial reactions teking place with isococtane. However, these two alone
do not account for the presende of isobutylene. On the basis of certain

depolymerizetion reactions previously discussed by Taylor“?)

a depolym=-
erization of the initial radical may be postulated to account for the

formation of isobutylens.
c—%-c'é-c — c-g- + 0340

In conclusion it may be said that this approach shows definite
promise in édvancing the understandling of the reaction proeesses leading
to spontaneous ignition. The chief oriticism is recognised to be whether
or not the information obtained under conditions of high’surface:volume
ratiq G- reactjon tub; of very‘small diameter) can be extended to
the more practical situations involving reaction vessels of smaller
gurface svolume ratio. ’

The gigh yield of hydrogen peroxide reported here is an appafently
new development in.the field of vapor phese oxidation and may have im-

portant industrial significance.
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VI. Sumnary

The overall objective of this investigation has been the devel-
opment of information which would permit the formulation of lubricants
of reduced spontaeneous flammebility for use iniaircraft. The more
specific aims have beent (a) the detefmination of the spontaneous
ignition characteristics of a series of pure compounds; (b) the exten-
sion of the determination to a variety of commercial and synthetic
1ubrican£s; (e) the observation of the effect of the metal surfacé and
various addit%%es on the spontaneous ignition éharacteristics of rep-
resentative compounds end lubricants; (d) the correlation of the spon=
taneous ignition data with antiknock ratings; and (e) the characteriza-
tion of some of the intermediates in the slow oxidation of hydrocerbons
to oftain some rather exploratory informétion about the reaction processes
leading to spontaneous ignition.

Accordingly the following results have béen obtained:

1. Spontaneous ignition temperatures have been determined for
some slxty orgenic compounds including normal and branched paraffins,
olefins, aromatic hydrocarbons, ethers, alcohols, and esters. The
length of the uninterrupted carbon chain is the most impeortent single
factor in determining the general loocation of the ignition temperatures
for these compounds; i.e. compounds with long uninterrupted carbon

- chains have low ignitlon temperatures while highly branched compounds
have high ignition temperatures. Aromatic hydrocarbons have very high
ignition temperatures.

’ 2. Correlation between spontaneous ignition temperature and anti-
knock rating has been observed. Compounds with high octane nﬁmbers
(low cetane numbers) have high ignition temperatures. There is & close

correlation between critical compression ratios and spontaneous ignition
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temperatures of aromatic hydrocarbons. & particularly Amportent factor
in the ignition of paraffins is the relative number of primary, secondary,
and tertiary hydrogen atoms in the molecule.

3. The deternmination of one "spontaneous ignition temperature”
for a compound is often inadequate. This seems to result from a sensitive
noniznition zone for compounds with polymethylene chéins. A more complete
understending is obbained in some of these cases by plotting the data in
the form of three dimensional ignitioﬁ boundary surfaces.

4. Of the actual lubricants tested the polyisobutylenes have bsen
the only ones with consistently high spontaneous ignition temperatures.

In the low viscosity range the paraffin oils, polyethylene oils, poly-
glycols, polypropylene oils, and diesters have low ignition temperatures;
even in an intermediate viscosity range these same oils have low ignition
temperatures if spray injection is used. 1In the high viscosity range

all of the lubricents have high ignition t;mperatures due to low vola~-
tility. Therefore, in the low viscosity range and in the intermediate
viscosity range using spray injection,rgood correlation between structure
and ignition temperature is obtained for theée lubricants.

5. Ignition cups of eight different metals have shown the metal
surface to be of almost no effect on the ignition temperatures of compounds
igniting in the low temperature‘range (below 3000C) and of considerable
effect on compounds in the high temperature range (above 400°C). In the
high temperature range the effect seemed to parallel the extent of the
surface oxidation of the cup--the greater the surface oxidation the
higher the ignition temperature.

6. Of the additives tested the most effective in raising the
lgnition temperature of a normal paraffin are tefraethyl lead and

dilauryl selenide. Di-p-tolyl amine, although not as effective as
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these organametellic compounds, did raise the ignition tem?erature of
dodecane considerably; its advantage over these orgqnémetaliics would
be greater stability in hot oils.

7. 1In some experiments on the slow oxidation of isoootane, the
following materials were observed in the réactioa mixtures hydrogen per-
oxide, alkyl peroxides, isobutylene, other olefins, formaldehyde, acetone,
and other cerbonyl compounds. By using a contact time of a few hundredths
of a second the only reaction products were olefins and peroxidess
The major portion of bthe peroxide fraction was hydrogen peroxide. This
high yield of hydrogen peroxide under these conditions is apperently a

new development in the fleld of wapor phase oxidation of hydrocarbons.
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