
UNCLASSIFIED

AD NUMBER

AD 233050

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
No Foreign

AUTHORITY

NRL 5227 notice, 5 Dec 96

THIS PAGE IS UNCLASSIFIED



- -. L"-a- .. a .--7777 7771

'. L

? :-

Reproduced

_ _ _ _ _ _ _ _ 
i

o:frmed ServicsTcncl lomto flgency '

ARLINGTON HALL STATIONO ARLINGTON 12 VIRGINIAO

I ~ ~N31rICE: WHEN GOVERNMENT OR OTHER DRAWINGSt SPECIFICATIONS OR .•.'
• • ~~O'CiER DATA ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION, ,....

-WE* A DEFINITELY RELATED GOVERNMENT PROCUREMENT OPERATION,
fTIL U. S. GOVERNMENT THEREBY INCURS NO RESPONSIBILITY, NOR ANY1 ~OIV'AGATION WHATSOEVER; AND THE FACT THAT THE GOVERNMENT MAY, _

H1j&E FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE SAID
DIRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY
IIM1 LICATION OR OTHERWISE AS IN ANY IMLANNER LICENSING 111E HOLDER
Of. ANY OTHER PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR . -
PEIGMISSION TO MANUFACTURE, USE OR SELL ANY PATENTED INVENTION
T7I.T MAY IN ANY WAY BE RELATED THERETO.

.. L= ...I•

.. - . - . .- - . . . . .

. . -.................................... •

-o- .- .".'..-. .-. .." .-.".•-...-. 4.' ,. " ....-..--.--..- .. " .." . ..- --.. ..- -.- .. - .."...',...-'.,. ... ,.....'._•. '. ... ".-- 4 .. "•••-
[.,•.• • - - - _ ,-- . . ..- ; . ;*-L_• -L, . .. -- - - - --... ...... .. ___



"" S
.. . . . . . . . . . . . . . . . . . . . . .............. .... ..... "

-'•.- . . . :

NRL Report 5437

IGNITION STUDIES

•ART V -STUDY OF THE PROCESSES OCCURRING DURING .

HE SPONTANEOUS IGNITION OF THE llEXANE ISOMERS

W. A. Aliens, J. E. Johnson, and H. W. Carhart -

T ,_ Fuels Branch •
V- - Chemistry Division

i January 27, 1960

ASTIA '"
ARLINOTON HALL STATION *. "- -

ARLINGTON 12, VIRGINIA

.1~n TJ5 L .A.,ni!T;S-"S--,-'Zr

0 ,"A V A

U. S. .AVAL RESEARCH LABORATORY

Washington. D.C.

Pt ~ - . -. -:



~iI PREVIOUS REPORTS IN THIS SERIES

"A Study of the Autoignition Properties of Certain Diesel
Fuels," J. E. Johnson. J. W. Crellin- and H. W. Carhart,
NjL Report 1859, Dec. 21. 1951

I

' Part 11 - 1%.e Spon-taneous Ignition Properties of Some -,
B Die-qeI Fuels and Pure Hydrocarbons," 3. E. Johnson,

3. W. Grellin, and H. W. Carhart. NRL Report 4.202
July 20, 1953

. -"Part III - Ignition Properties of the Isomeric Hexanes,"
J. E. Johnson. 3. W. Cr Iiin, and H. W. Carhart, NRL
Report 4346. Apr. 30, 1954 1

"Part IV - Relation of Minimum Ignition Point to Other
Ignition Phenomena," J. W. Crellin, J. E. Johnson, and
H. W.. Carhart, NRL Report 4476, Jan. 26. 1955

.7i

%0

m .. 0o '2:£

"*' Igni n~9 henomena, ,I. W . jCelinj. K.fhnoQQ n..', ,



*, - =•: _ _:.. _ __ _ _. " '4/ :

". 1

CONTENTS

Abstract UI

Problem Status U
Autht rization U

INTRODUCTION 
"

Spontaneous Ignitiou 1
Earlier Studies * "

Current NRL Study 2

APPARATUS 3

METHOD 4

TYPES OF IGNITION OBSERVATIONS S

RESULTS 6

DISCUSSION

* ~SUMMARY 1

REFERENCES 13

*' I

• •? . . . . •.

*, , - " ,: . h•

- - -. " ,'1, -.-. - -,' r'.



Spnaeu gito rpris ofth hexcane isomers in air were

studied using a uniformly heated one-liter spherical Pyrex flauk. Par-
ticul'ar emphasis was placed on pre-ignitlon reactions by means of
measurements of i nt e r nal gas temperature and oxygen consumption.

Time-temperature recordings of gas temperature were found to be
helpful in distinguishing between ignition and non-ignition. but not
between hot- and cool-flame ignition, although in most cases this di.-
inction could be made visually in total darkness.

Minimum ignition temperature in air for cool- or hot-flame ignition.
zr.inimurn reaction temperature, pre-ignition range, maximum temper-
ature rise above base temperature, and oxygen consumption at ignitieo
for the isomeric hexanes, appear to show correlation with ease of oxia-
tion and ignition.

The present work suggests that minimum Ignition temperature for
cool- or hot-flame ignition may well be a more reliable criterion fw
fire safety than the commonly used SIT (hot-flame ignition only).

PROBLEM STATUS

This is an interim report; work on the problem is continuing.

AUTHORIZATION

NRL Problem COI-03
Projects NR 470-000, Task NR 470-001, and NS 072-000

Manuscript submitted November 17. 1959.
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IGNITION STUDIES - " ""

PART V - STUDY OF THE PROCESSES OCCURRING DURING THE
SPONTANEOUS IGNITION OF THE HEXANE ISOMERS

Spontnanu comnition
The bpontaneous ignition properties of combustible materials, particutarly fuele and

hydrocarbons, have been an important area of combustion research for over fifty years.
This interest In spontaneous ignition is based on the important role which this phenomenon
plays in (a) the fire hazard in the handling and storage of combustibles, (b) the performance - -
of various types of combustion engines, and (c) the elucidat tion-ratextheion and comhusu".
mechanismas of fuels, hydrocarbons. and related substances. Of these three phenomena.

I ~fire hazard and engine performance are of special Importance to the Navy. .

I ,';h~~~e spontaneous ignition temperature (SIT of a substance Is defined as that lowest •".•.

otemperature at which the substance will ignite in air without the caid of a spark or name.

must be raised so that the rate of heat evolved by the exothermic oxidation reactions of
the system will just overbalance the rate at which heat is lost to the surroundings. The

* criterion that is usually taken to Indicate ignition, however, is quite subjective. *A corn- . "
monly accepted definition of ignition is visible and/or audible combustion observed under -. -
ordinary laboratory conditions.

For reasons to be given later, it was round to be desirable in this work to modify
this definition. Another complicatioa is that, although the spontaneous ignition temperature
of a substance should be a quantity related to some characteristic chemical property of the
material, its experimentally determined value is markedly dependent on the method and

S . apparatus employed for its determination. In a recent monograph, Mullins (I) reviews
this subject including the importance, definition, and meaning of spontaneous ignition and
spontaneous ignition temperature and describes numerous methods for its determination
and the factors which Influence results.

Earlier Studies

Earlier reports and publications from this Laboratory (2-6) describe ignition studies
of diesel fuels and pure hydrocarbons utilizing a modified Jentzsch ignition tester (7).
This apparatus is essentially an electrically heated combustion chamber coupled with an
accurate oxygen-metering system in which ignitions and other fuel properties are deter-
mined at atmospheric pressure. This instrument, originally designed for fuel evaluation

. and testing by the German Navy, proved to be very v-.rsatile and useful for investigating .- .*
spontaneous ignitlon properties.

The earlier NRL work covered the influence of oxygen concentration and temperature
on ignition behavior. For each material investigated, curves were obtained which deline-
ated three zones: (a) non-igntion, (b) cool-flame ignition, and (c) hot-flame ignition. A " .
typical igniton curve Js shown in Fig. 1. r

9.%
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! ~Fig. I - Ignition zones for a

tyiclhydrocarbon

SSimilar curves were obtained for a number of hydrocarbons and fuels, and these .,i.
I ~~~~~~curves are of particular interest regarding the relationship between spontaneous ignition adfr aad omlySTi eemndi iUignotn Fg )a nea-. .".

jie, the SIT, or minimum temperature for hot ignition in air (21 percent oxygen), is about " I
• 2800 C for the apparatus used. A slight change in apparatus, such at a larger chamber,S~~would cause the ignition curve to shift downward and to the left, so that the 21-percent"-
| ~~~line would intersect the first lobe in the curve yielding a value which would be lower by " = -

4 ~twenty degrees or more. In addition, at higher temperatures, anegativew Ignition zones
S~~~~are ohbserved, since cool-flame Ignition is observable only in. total darkness, not usually :," -

the condition in this type of determination. These factors introduce serious complications ,. .,:. - -:.__ ,

in the proper interpretati'•n of SIT as a fire-safety criterion. [;.
These studies also included measurements of minimum ignition temperatures, ignition -S~delays, and apparent activation energics. The data were found to show a correlation

*between molecular structure ,and ease of oxidation as well as other related oxidation and "•"'-

' ~~~ignition criteria such as octane number, ocetane number, Hinshelwood's methyl retardat'.on . ..
'. ~~~factor, and relative oxidation rate.. ...

1NCurrent NRL Study...

q , -" ."l' ~ Because of these Interesting findings, it appeared fruitful to Investigate certain. of •?-.
these phenomena in more detail by use of more accurate instrumentation, with particular
emphasis on the pre-ignition reactions. The progress of these reactiors was to be followed0
bymeasurement of internal ga eprtrsinside the combustion chamber by use •of

, ~~~~a static rather than a gas •low system. The choice of a static system was made because " -"-"
of Its simplicity and the desire to make gas temperature-time measurements which would .-.-. •

S~not be feasible in a flow system. It was recognized that in this choice, an inherent fault of
a static method was the problero of uniform gas mixing after introduction of the hydro-
carbon sample. However, if tl•,e sample is discharged as a fine spray, rapid vaporization J-'-.°l

[ ~~and mixing with the air should occur, so that this problem will be minimized, particularly 'i
I ~ ~~in pre-ignition reactions which take relatively long compared to ignition react,ions,. •.

Despite the convenience and versat•-lity of the Jentzsch tester, its geometry, Its small,
i- t size, and other factors make it poorly suited for studying pro-ignition reactions arid for

: mreasu'ring gas-temiperatuare data accurately. It was therefor,.. decided to utilize a new. !
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and manually by autotransformers. Temperature measurements are made by thermo-
couples located at each heater coil, the top and bottom o! the flask, and one Inside the
flask, as-shown. It was difficult to maintain uniform temperature control at predetermined
temperatures by adjusting the autotransforniers alone. Therefore a temperature con-
troller was added which made it possible to maintain uniform temperatures within t±IC.
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leading into the recorder in order to elirinate external electrical interferences All.

thermocouples were calibrated against a standard Pt/Pt-Rh thermocouple. -".""

Setchkin investigated the effect of chamber size on the observed spontaneous ignition :.""._"-

temperatures, testing flasks of the following sizes: 8 ml, 35 mil, 200 mil, I liter, 12 liters,
and 15 liters. He reported a decrease in ignition temperatures with increase in chaber".

volume. Although slightly lower ig~nition temperatures were noted using the 12-liter and[
15-liter flasks than with the I-liter flask, he adapted the tatter because the larger flasks
were unwieldy and frgile.

Setchkin also looked into possible catalytic effects due to the exposed thermocouple ,..""
inside tihe flask. Although he observed some effects of heat loss to the thermocouple, no "
catalytic effects were noted. • .

METHOD •..•,

After temperature adjustment had been made, the desired quantity, usually 0.2 ml, of ,.'•.i.

hydrocarbon or fuel charge was injected into the flask by means of a hypodermic syringe '," "..
fitted with a 6-Inch, 26=gage needle, and stopwatch time was recorded. The lights were .
extinguished. Then the inside of the flask Was observed in total darkness with the aid of a ;

; ~mirror supported over the flask stopper, while the temperature-time variations were •
being recorded, The time and type of ignition was noted, along with any other pertinent,..'-
observations.,.

Thus far. all work has been done in air at atmospheric pressure, but plans have now "'"

been made to make ignition studies at other oxygen concent rations. The effect of variation"-'"
in size of sample oii ignition temperature is discussed by Setelhkin (8), Frank et al.(9), and
ii. the NRL work previously cited (3). in determining SIT by conventional methods, it is •
customary to try variation in sample size just below the ignition temperature to insure
that the SIT reop led will be the lowest temperature at which ignition will occur regardless '.•.'

of the concentration of the sample. Variation in sample size was also investiga te in this ""'
work and is still under study. Thus far, it has been observed that, in certain instance$,..':i':

doubling the sample (0.4 nil) may result in cool flames instead of hot flames, and that
decreasing the sample to about half or less at mini-num ignition temperature nmay result - ..
in non-ignition. In all the work done thus far, small variations in sample size did not ,..
influence minimum ignition temperature values more than the e.xperimental error of about --.
VC(, provided that no distinction was made between cool- and hot-flamne ignition. Therefore,
for uniformity, and to save time, a sta:•idard sample of 0.2 ml was used for the Isomeric
hexanes, since they have the same molecular weight, and very similar densities. This "-'.,.-
sample represents .approximately 3.5 times the stoichiometric quantity assuming complete .•.-

- ~~~oxidation in air at 300°C.,..-

In the initial stages of this investigation, a fresh clean flask was used for each run.
it was observed. especially at temperatures close to the spontaneous ignition temperature,•

that erratic and nonreproducible results were obtained. By "conditioning' a flask with
repeated use, this difficulty was overcome. The same flask therefore was used throughout..

In order to obtain additional information regarding the processes of ignition being "%"
studied. gas ianiples were taken for oxygen analysis after the reactions were completed.,""""

The oxygen concentration immediately after the charge was vaporized, but prior to oxida- ."-.
i tion, was calculated from the perfect gas law. Oxygen determninations were made after
l ~ignition by means of a Pauling magnetic susceptibility oxygen meter on 100-ml samples

obtained front inside the flask with a large hypodermic syringe fitted with a fine tube. -
After the gas sample was ta-ken for oxygen determination, the gases in the flasgk were blown
out with compressed air for about two minutes. Then, after temperature adjustment, the "i i
apparatus was ready for the next run. ,.-

ii $' "'--- "i
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dThc hydrocarbons studied were Phillips Petroleum Company 99 mot percent purity
and each was purified further by percolation through silica gel and alumina.

TYPES OF IGNITION OBSERVATIONS
At least four different types of observations were noted (Table I), depending on the fuel

uad on the base temperature. Typical temperature-time ignition curves auperimposet is a
single diagram are illustrated for 2,3-dimethylbutane (Fig. 3). In the figure exact magni-
tudes and positions are not intended to be necessarily significant as these curves have been 4
sketched in for illustrative purposes only. The initial dip in each curve is caused by cool-
ing due to vaporization of the sample. Curve I is negative; curves 2-9 are pre-ignition.

non-luminous reactions; curve 10 represents a cool-flame ignition and curve II. a hot-
flame ignition. Although in this example the hot flame shows a greater temperature
increase than that of the cool flame, this was not always found to be the case, owing to
inertia of thermocouple response.

Table I
Types of Ign~tion Observations" -

Observation •

Classification (Visible and/or Audible as Temperature Rise
Seen in Total Darkness)

Negative None None

Pre-ignition, None Gradual
Non-lunisious
reactions

Cool-flame Faint silent bluish glow* Sudden -
ignition", . .

Hot-flame Ramged from faint silent Sudden
ignition yellowish glow* to flames

of varying colors (yellow,
orange, blue), and varying
intensity and audibility
(from weak "pop* to intense

explosion), often accompa-
nied by smoke of varying
amounts, sometimes suffi- %
cient to mask substantial
flames unless observed in
total darkness -____"_

*Visible only in total darkness

Certain generalizations can be made concerning these observations. Hot- or cool-
flame ignition could be detected by means of a sudden temperature rise, or peak on the
temperature-time curve and, in most cases, could be detected visually in total darkness.
Pre-ignition reactions were detectable only by means of the temperature-time trace.
Cool-flame ignition was distinguishable from hot by visual observation. Cool flames and
certain hot flames could not be observeo except in total darkness, but they were always ".
detectable by means of the temperature-time traces.

-. --~ -~ ,' -- • '- - -'
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Fig. 3 -Typical ignition curves for
2.3-dimiethyibutane .. u air (curves sketched
in for illustrative pur poses only)

In the present study, rather than attempt to distinguish between the minimum hot-
flame ignition temperature (SIT) and cool-Glame ignition temperature, it was decided to
accept either cool flame or hot flame as representing positive ignitlg..

RESULTS

Pre-ignition curves for the isomeric hexanec'. showing temperature rise and oiyein
consumption versus base temper ature are &±'-.owu, in Figs. 4-6. The term I base tempera-
ture," as used in this report, refers to the initial temperature of the flask just prior to
introducing the fuel sample. This term Is rderred to frequently as *block temperature
or ginitial temperature* in combustion literature.

7
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Data are summarized In Table 2, where.

Tr is the minimum reaction temperature, or the lowest base temperature at which a

measurable temperature rise AT is observed. In general Tr also corresponds to the
lowest temperature at which the measurable oxygen consumption AO is noted.

T, is the minimum base temperature for cool- or hot-flame ignition.

(Ti - T r) is the pre-ignition, or non-luminous reaction zone. Relative positions and

magnitudes of these zones are shown in Fig. 7.

AT is the temperature rise above the base temperature.

A8 is the oxygen consumption.

AOs and AT, represent the values obtained by extrapolation to Ti of a plot of AG and
maximum AT values respectively versus base temperature in the pre-ignition zone.
Examples of these plots are shown in Figs. 4-6.

Table 2
Summary of Pre-ignition Data

Tr Ti ITi-IT A A63
Hexane Isomer Tr(

n-Hexane 206 227 21 9 23

2-Methylpentane 233 264 31 11 52

3-Methylpentane 259 278 19 27 65

2,2-Dimethylbuta,|e 270 405 135 38 74

2.3-Dimethylbutane 278 396 113 50 82

DISCUSSION

Although the data obtained thus far are preliminary, it Is of interest to examine them
and make a few tentative observations which will guide future experiments in this work.

The isomers listed in Table 2 are in the usually accepted order of increasing resist-
ance to oxidation, and appear to fall into two groups. In general, the more easily oxidized
group including n-hexane and the two methylpentanes have lower Tr and TI values, and
much shorter pre-ignition ranges (Ti - Tr) than the two dimethylbutanes which are more
difficult to oxidize. The data more or less follow this same order within the two groups
(see Figs. 4-7).

It was of interest to compare Tr and ATs with the relative oxidation rates (ROR)
obtained by Cullis ajid Hinshelwood (10). These ROR values were derived from oxidation
rate data and the comparison Is shown in Figs. 8 and 9. They were calculated by these
workers from temperature-corrected reaction-velocity constants relative to unity for
2,3-diniethylbutane. The linearity of the curves suggests a correlation between ROR and
Tr, and ATs. In Fig. 9, only n-hexane is off the line. It would bhi expected that ROR might
show closer relation to Tr than to Ti, since It was determined under more similar
experimental conditions, I.e., below ignition temperature.

-T • •W °' -- ' : ~
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f eCorrelation is also Shownr in Fig. 10 between Tr (this work and minimum ignition_
point (MIP) values from the earlier NRL work (5), where MIP is the lowest temperature

* riof either cool- or hot-flame ignition in an atmosphere of ael plus i00 peoient oxygen.
In this curve, the 2a3-dimethylbutane Is the only isomer which does not fail directly on
the line.

It was pointed out in the introduction that conventional SIT determinations leave much

to be desired because such values may be seriousry in error due to differences in environ-
mental conditions such as size of ignition chamber. oxygen partial pressure, etc. Such •

chadges, it was stated, may cause shdfts in ignition curvesa so that at a given base temper-
ature in a particular apparatus cool flames might occur rather than hot flames. The cool .
flame, being ephemeral In character, is not observe~d ordinarily and this could lea4 to
improper data whW.ch could produce a false sense of secutrity,. Any sudden temperature -
rise, even when due to a cool flame, represents a rapidly accelerating oxidation reaction -,
which in a different and especially a larger enclosure co Ad lead to a fire or explosion.
From the point of view of fire safety it would therefore appear desirable to have ignition 1
determinations conducted in total darkness with the aid of &as temperature measurements. •

and as has been shown in this work, that Ti (cool or hot flame) be used as a criterion for
fire safety.

SUMMARY
i.

1. Earlier ignition studies at NRL have been extended using a larger apparatus and
more refined instrumentatita. Special emphasis was placed on the study of pre-ignition
reactions by means of measurements of internal gas temperatures and oxygen consumption.

- -. . . ~ * .. -U' - . fl.*.-.
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Fig. 10 - Comparison -f minimum ignition
point'(Johnson. Crellin. and Carhart) with lp
niinirnam reacti on temperatures for the
isomeric hexanes in air

2. In addition to minimum Ignition temperature in air for cool- or hot-fame ignition.
four other quantities were suggested as tools In Ignition studies: minimum reaction
temperature, pre-ignition range, temperature rise, and oxygen consumption at ignition.
From the data obtained thus far, there appears to be a correlation between these values
and the ease of oxidation and igniUon.

3. For safety purposes, the minimum ignition temperature in air might well be
more reliable for cool- or hot-flame ignition than the conventional SIT, as it is not as
dependent on oxygen concentration or atmospheric pressure. It might be best to deter-
mine SIT in total darkness, and it is suggested that temperature-time measurements of
the internal gas temperature be used as guidance in establishing criteria for ignition.

- I..
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