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FOREWORD

This report was prepared by the Explosives Research Center of the
U, 8. Bureau of Mines under USAF Contract No, DO (33-657) 63-376. The
contract was initiated under Project No. 3048 "Aviation Fuels', Task No.
304801 "Hydrocarbon Fuels", It was administered under the direction of
the AF Aero Propulsion Laboratory, Research and Technology Division,
with Mr, H, R. Lander acting as project engineer.

This report 18 a summary of the work recently completed during the
period 1 January 1963 to 31 December 1963.

Dr, Robert W. Van Dolah was the administrator for the U. §. Bureau
of Mines and Dr. M. G. Zabetakis, Mesars. J, M. Kuchta, A. Bartkowiak,
R. J. Cato, W, H, Gilbert, and R, E, Kennedy actively participated in
this work at the U, 5, Bureau of Mines Explosives Research Center,
Bruceton, Pennsylvania.




ABSTRACT

Ignition temperatures of n-hexane, n-octane, n-decane, JP-6 jet fuel
and aircraft engine oil MIL-L~-7808 (0-60-18) were determined in air using
heated Pyrex cylinders of 0,3l4-inch to 1.38-inch diameter and Nichrome
wires, rods, or tubes of 0.0l6-inch to 0.75~inch diameter. The ignition
temperature varied little with fuel-alr ratio but increased as the size
of the heat source was decreased, Expressions are given which define the
variation of the hot surface ignition temperatures of these combustibles
with the radius and the surface area of the heat source, The expressions
are applicable to stagnant or low velocity flow conditions (< 0.2 in/sec).
In addition, the hot gas ignition temperatures of the combustible vapor-air
wmixtures were detexrmined with 1/4, 3/8 and 1/2-inch diameter jets of hot
air, These ignition temperatures also varied little with fuel-air ratio
and increased as the diameter of the heat source was decreased.

This technical documentary report has been reviewed and is approved,

Dae O ALt

MARC P, DUNNAM
Chief, Technical Support Division
AF Aerxo Propulsion Laboratory
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INTRODUCTTON

The autoignition temperature (AIT) characteristics of many aircraft
fuels and lubricants have been investigated by the Bureau of Mines as part
of a research program for the Air Force on the explosion hazards associated
with the use and storage of aircraft combustible fluids. Most of the auto-
ignition data obtained in the earlier studies (Refs. 1 and 2) are primarily
applicable to situations in which a flammable atmogphere contacts a rela-
tively large heated surface, such as the walls of a fuel tank. Ignition may
also result upon contact of a flammable mixture with a small heat source
such as a heated wire or with a jet of hot air or other gases; such jets may
be produced by the failure of an oil seal in a jet engine. Accordingly, che
present program was initiated to provide experimental data on the igniti a
behavior of aircraft combustibles by hot surfaces and hot gas jets of vaiious
sizes. These will be used to develop semi-empirical relationships that can
be used to predict the ignition behavior of representative hydrocarbon fuels
under various environmental heating conditions.

Minimum AIT's of combustible mixtures are generally determined under
quiescent conditions and in heated vessels sufficiently large to minimize
wall quenching, Urder such ignition conditions, the fuel residence times
or ignition delays are maximum and the rvate of heat input is not an {mpor-
tant factor. However, these AIT values incrvease as the size of the vessel
and the fuel residence time are decreased, With a sufficiently small heat
source, the heat input rate becomes an important factor. This is the case
vhen {gnttion 1s effected by an electrical discharge ov by a fine heated
wire, According to thermal theory (Ref. 3), the temperature at which igni-
tion occurs is proportional to the reciprocal of the logarithm of the diameter
of heat source, Thus, the cowentional autoignition and the wire ignition ex-
periments are basically similar and should yleld results that are in agreement
with heat sources of the same size, Surprisingly, little quantitative infor-
wmation is avallable on the correlation of these ignition temperatures over a
wide range of heat source dimensions, Such data were obtained in the present
study for several hydrocarbon combustivles whose vapors were ignited in air
using various sizes of Pyrex vessels and Nichrome wires, rods and tubes. The
combustibles used here included n-kexane, n-octane, n-decane, a JP-6 jet fuel,
and an aircraft engine oil MIL-L~7808 (0-60-18).

The temperatures at which combustible mixtures can be ignited by jets of
hot air have been determined only recently for several hydrocarbon fuels in
oxygen-nitrogen atmospheres (Ref, 4), These ignition temperstures are re-
ported to be ruch higher than corresponding autoignition temperatures. Since
hot gas iguition temperatures also vary with the diameter of the jot and the
fuel residence time, again they may not differ greatly from AIT's {f these
variables are considered., Admittedly, hot gas ignition and hot surface igni-
tinn temperatures need not necessarily be the same since the ignition mecha-
nisms may bhe different with each type of heat source., This appears to bde
true for the hot gas ignition temperature data which are presented in this
report; these were obtained by injecting various hot air jets into vapor-air
mixtures of the hydrocarbon fuels and engine oil listed above.

1
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EXPERIMENTAL APPARATUS AND PROCEDURES

1, Hot Surface Ignition Temperature Experiments

In the first phase of the hot surface ignition work, autoignition tem-
peratures (AIT's) of the hydrocarbon fuels and engine oil of interest were
determined in quiescent air. These determinations were made in the Bureau
of Mines I-8 ignition temperature apparatus (Ref. 1) using cylindrical Pyrex
vessels 6 inches long and with volumes between 0.48 and 8.3 cubic inches
(0.3 to 1.38-inch diameter); the vessels were covered with a watch glass
after addition of the combustible. The vessel temperature, the fuel resi-
dence time, and the volume of liquid fuel injected into the vessel were
varied to obtain the minimum temperatures for ignition. In all cases, igni-
tion was evidenced by the appearance of flame. The repeatibility of the AIT
values was within #5° at low temperatures ( ~. 500° F) and £20° at high tem-
peratures (~~ 1000° F).

Additional hot surface ignition experiments were conducted under flow
conditions with the above fuels and engine oil using c(lectrically heated
Nichrome wires of 0.01 to O.l-inch diameter and rods or tubes of 0.2 to 0,75~
inch diameter. These were conducted in the wire ignition temperature appa-
ratus shown in Figure 1. This apparatus was equipped with liquid fuel- and
air-feed agsemblies capable of providing pre-mixed fuel vapor-air mixtures
at a uniform rate to a heated rcactfon chamber - a Pyrex tube 2 inches ID
and 8 tnches long (33.2 in3d volume). Figure 2 i{s a photograph of the reac-
tion chamber; in use it {8 normally mwounted in a small oven equipped with an
obgervation window, Two sidec arms at the middle of the tube arec fitted with
brass sdapters for use in mounting the wires (or tubes and rods) normal to
the direction of flow, These adapters are spaced 2 inches apart, the lemgth
of wire that was heated electrically in each trial. The wire temperature
can be varted in large or small increments by use of a toggle switch.

To conduct an experiment, the wire is first heated to a predetermined
surface (emperature which is measured witiv a Leeds & Northrup optical pyrome-
ter, calibrated againet a General Blectric standard lamp. The fuel vapor-air
wixture is then passed over the heated wire at a designated flow rate and,
denending on whether or not ignition occurs, the wire temperature (s de-
creased or i{ncreased {n succeeding trials until the lowest temperature at
which ignition occurs is found, Minimum wire ignition temperatures were
obteined at various fuel-air ratios; thesc were generally repeatable to
wvithin £20°, In each case, ignition was evidenced by the appearance of flame
and by a sudden risc of the gas mixture temperature, Thes  temperatures vere
measured with two chromel-alumel thermocouples (28-gage) located l-inch sbove
and below the heated wire., The gas mixture temperatures were recorded con-
tinuously on an oscillograph during each run,

In the experiments with Inconel tubes, small cylindrical heaters wvere
fneerted {nto the tubes to heat them to the desired temperature; here, about
1-1/2 inches of the heated section (2 inches) was usually at n=ar uniform
temperatures. Each of the tubes was also equipped with a 28-gage chromel.

aluxel thermocouple to measure surfsce temperatures (< 1100° F) below the




operating range of the optical pyrometer., These thermocouples were spot-
welded on the surface and at the mid-point of each tube,

Most of the wire ignition experiments with the fuels were conducted at
a mixture temperature of 300° F and a flow rate of 17.8 in3/min. (N.T.P.).
A mixture temperature of 500° F was used with the MIL-L-7808 engine oil which
is composed primarily of adipate esters, From the vacuum distillation data
obtained with a sample of this oil, it was found that at least 30 percent
vaporizes between 734° and 779° ¥ (Table 1), However, the vapor pressure of
this oil at 500° F appeared to be adequate to permit the formation of suit-
able vapor-air mixtures under the flow conditions employed, since no conden-
sation was observed on the vessel walls,

TABLE 1. - Vacuum Distillation Data €for Aircraft Engine
0il MIuL-L-7808 (0-60-18), Sample distilled
at 1.4 mm Hg,

Tewmperature, °F 480 73 W3 745 7159 161 170 19 719
Fraction dig-
tilled (Vol, %) 1lst drop 5 10 20 30 40 50 80 95.2

2. Wot Gas Ignition Temperature Expeviments

In this portion of the work, the ignition temperatures of the hydrocarbon
fuels and engine oil (vapor-air mixtures) were determined undexr flow condi-
tions with varicus size jets of hot air, The spparatus used for these deter-
winations {s shown in Figure 3 and except for some minor modifications, le
siwilar to that cmployed by Wolfhard (Ref. 4), Basically, the apparatus con-
siats of a tubular ceramic furnace that is used to heat the air stresm, a
tylindrical reaction chamber into which is fed the hot air jet and the cowm-
bugtible mixture, and the feed assemblies that provide the desired combusti-
ble vapor-air mixture at a uniform rate, The tubular furnace was wound
externally with platinumerhodiva wire and was enclosed {n a cylindrical Ni-
chrome-wouynd furnace (3I-inch 1D, shich serves as a pre~heater, The reaction
chawber consists of a &4-inch diameter Pyrex pipe (26 inches long) that is
also heated by a Nichromeswound furnace designed to maintain the combustible
mixture at a given temperature, Narrow slits are located on both sides of the
enclosed pipe along its longitudinal axis to permit visual cbservation of the
reaction, The combustible vapor-air mixture is fed to the reaction chamber
through a "mixing ring" by the fuel- and air-feed assemblies., This ring is
located just below the base of the hot jet; a water jacket {s positioned bLee
tveen the ring and the ceracic tubular furnace to help maiuntain the mixture
at & uriform initial temperature,

The temperatures of the hot air jets are measured with a 33-gage platinum-
90% platinum « 10% rhodium thermocouple at a point of about 1/4-iunch above the
jet bage, the temperature decreases progressively with the height above the
jet base at a rate that is deteruined {n part by the jet diameter, With a

3




1/2-inch diameter jet, the temperature drop is about 160° at a height of 1
inch under the flow conditions cmployed here; the temperature drop is less
with a smaller size jet at the same volume flow rate, The temperatures of
the combustible vapor-air mixtures were measured with three Chromel-Alumel
thermocouples (28-gage) spaced 3 inches apart as shown in Figure 3. Recorded
temperature differences were usually not in excess of #25°, All of the pres-
ent experiments were conducted at a mixture temperature of 350° F for the
hydrocarbon fuels and 600° F for the engine oil, The mixture flow rate was
365 in3/min, and the Jet flow rate was 185 in3/min., both at N,T.P, condi-
tions.

To conduct an experiment, the temperatures of the hot air jet and ambjent
atmosphere in the reaction chamber were measured inftially. The thermocouples
were then removed and the combustible mixture of interest was introduced,
flowing coaxially with the hot jet., If ignition did not occur; the tempera-
ture of the hot alr jet was increased in successive iuncrements until ignition
was evidenced by t ¢ propagation of flame throughout the combustible mixture.
Normally, a small precursor flame could be seen above the base of the jet
prior to ignition; this flame extended to a height of 6 inches or leas above
the jet base. Fuel residence time and fuel-alr ratio were also varied to
obtain the minimum ignition temperatures with each size of hot air jet; jets
of 1/4, 3/8, and 1/2-inch diameter were employed in this work. Generally,
ignitions occurred within about 60 seconds, although a few took place after
as much as (80 seconds from the time the combustible mixture was admitted,

The minimum ignition temperature values were -epeatable to within 225°,
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RESULTS AND DISCUSSION

1. Hot Surface Ignition

Autoignition Temperatures in Quiescent Air

The minimum autoignition temperatures (AIT's) found for n-hexane, n-
octane, n~-decane, JP-6 jet fuel and MIL-L-7808 engine oil in various cylin-
drical Pyrex vessels are given in Table 2. These data were obtained with
nonuni form mixtures in quiescent air at atmospheric pressure and with the
appearance of flame as the ignitlon criterion. The apparent fuel-air weight
ratio required to obtain most of these AIT values was 0.35 t 0,1, Uniform
mixtures of these combustibles in air normally would not be expected to
propagate flame at such high fuel-air ratios except as cool flames, The
data in Table 2 show that the AIT values for each combustible increased
noticeably with decreasing vessel volume between 0.458 cubic inch (7.5 cc)
and 3.66 cubic inches (60 cc); they decreased only slightly when the vessel
volume was increased from 3.66 to 8.25 cubic inches (135 cc). Also included
in Table 2 are the minimum AIT values of these combustibles which were found
in a 12,21-cubic inch (200 cc) Pyrex Erlenmeyer. The latter values are still
lower than those listed for the 8,25-cubic inch cylindrical vessel, particu-
larly for n-hexane and the engine oil.

To i1llustrate the effect of vessel dimensions, the ignition temperatures
in Table 2 are plotted in Figure 4 versus the surface area to volume ratio
(8/V) of the cylindrical vessel employed. Since vessel length (h) was con-
stant (6 inches), this figure essentially shows the effect of vessel radius
(r) on the ignition temperatures of each combustible; 8/V is 2/r + 2/h for
a cylinder with closed ends. It is clearly evident here that the AIT's
increased sharply when the S$/V ratio was in excess of about 5.0 tnl or when
the vessel radius was less than 0.44-inch. Such results are expected since
heat losses to the vessel walle and other surface effects should be most
critical for ignition in the smallest size vessels, Sinilar data were not
obtained in smaller vessels (< 0,157-inch radius) because of the temperature
limitations of the experimental apparatus; the temperatures required to obtain

. © ignitions in the smaller vessels would tend to be prohibitively high since
the volume of combustible mixture would take on added importance and the

quenching diameters for these combustibles would not be expected to be much
less than that of the smallest vessel used here (0.3{%-inch),

The data ohbtained with the neat hydrccarbon fuels are consistent in
that the ignition temperatures increased with decreasing molecular weight,
However, it is ¢f interest to note that the AIT values of the engine oil are
couparable or less chan those of all the fuels at vassel volumes less than
3.66 in3_(60 cc), 1.n,, at temperatures above about 800° F. In contrast, the

. values for the oil in the larger vessels are less than 800° F and are at least
280° higher than thcse for the fuels, Apparently, the reaction species effec-

ting che ignition of this oil at tem;:catures balow 800° F are different from

‘those encountered at the more highly elevated temperatures (800-1100° F), It

is possible that the adipate esters which largely make up thie oil break down
to form more thermally unstable spacies at the higher temperatures required
for ignition,

5
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TABLE 2, - Minjuum Autoignition Temperatures of the H;drocarbon
Fuels and an Engine Qi1 in Air at Atmospheric Pressure.
Ignition Criterion ~ Appearance of flame

Vessel Vessel Minimum Autoigniti.. Temperature, °F

Volume  Radius  §/vi/ Tngine OL1
in.3 _cc in, in"! n-Hexane n-Octane n-Decane JP-6 MIL-L-7808
Cylindrical Pyrex Vessels ~ 6-inch length
0.458 7.5 0.157 13.01 1164 1117 . 1116 1105 1076
0.610 10 .183 11.44 1117 1081 1089 1036 1035
1.41 23 .276 7.58 1006 941 914 903 883
2.50 41 .375 5.66 808 720 703 766 833
2.75 45 .390 5.46 810 720 612 707 826
3.66 60 445 4,95 511 450 435 4n 795
8.25 135 .890 3.23 509 441 417 468 790
Pyrex Erlenmeyer - 5-inch leugth
12,21 200  (.88)%/ (2.34) 453 428 406 449 759

1/ 8urface area to volume ratio of vessel,
2/ Equivalent radius of a 5-inch cylinder with a 12,21 in3 volume.

Hot Wire Xgnition Temperatures

The ignition temperature data obtained with electricelly heated Nichrowe
vives ot 0,016 to 0.103~inch diameter are presented in Figures 5-9 for n-hexane,
nroctane, n-decane, JP-6 jet fuaxl, and aircraft engine oil NIL-L-7808, respec-
tively. The curves in each figure show the variation of wire ignition tem-
perature with fuel-air weight ratio (0.05+0.5) and wire diameter for each com-
bustible at the flow condition of 17.8 {nd/min (N.T.P.), Fuel-air ratio is
ssen to be of little influence here except at low ratio values where the
ignition temperatures tend to increase sppreciably, Minioum wire temperatures
for ignition usually occurved at fuel-aix vatios between 0.3 and 0.5, Al-
though ignition temperature was not affected sppreciably by the fuel-alr ratio,
it was fouad to increasec appreciably as the wire diameter was decreased, How-
ever, the effect of wire size was not the same for all of the combustibles
used hera and vas least pronounced at large wire diamstevs.

A composite of the miniowum wire ignition temperature data from the above
figures {» shown in Figure 10; these data are also given in Table 3, Ae in
the autoignition experiwents, the ignition temperatures for the neat hydro-
carbon fuels increase with decrcusing moleculsr weight, Alsc, those for the

: engine oil are lower than those obtained for any of the hydrocarbon fuelos,
i iacluding JP«6; thie behavior is consisteat with that observed in the ALT




determinations conducted with small vessels of 1.41 cubic inches or less ca-
pacity (0.276-inch radius). However, it should be noted that the wire igni-
tion temperatures for the JP-6 jet fuel are generally higher than those for
n-hexane, whereas ‘he cpposite was the case in the autoignition experiments.
No explanation for this trend is evident at this time.

TABLE 3. - Minimum Hot Surface Iguition Temperatures of the
Hydrocarbon Fuels (300° F) and an Engine 0il (500° F)
in Alr at a Mixcure Flow Kate of 17.8 in’/min, (N.T.P,).
Ignition Criterion =~ Appearauce of flame
Pyrex Reaction Vessel - 2-inch ID, 8 inches long

Diameter of __ Minimum Ignition Temperature, °F
Heat Source Engine 011
inch n-Hexane n-Octane n-Decane JP-6 MIL-L-7808

Nichrome Wireg (2-inch length)

0.016 1830 1820 1775 1880 1550

0,032 1720 1670 1650 1770 1295

0.051 1590 1500 1440 1630 1275

0.081 1570 1430 1400 1530 1160

0.102 1530 1440 1335 1540 1165
Nichrome Rod (2-inch length)

0.20 1400 1360 1330 1435 1190
Inconel Tubes (2-inch length)

0.50 1140 1185 1160 1235 1040

0.75 1060 1000 1040 1085 1015

By uasing heated rods or tubes, the wire ignition temperature data were
extended to include heat source dlameters compavable to those employad ia the
AIT experiments, Table 3 includes the results ootained for the combustilles
of interest with a Nichrowe rod of 0.20-inch diameter and Inconel tubes of
0.50 and 0.75-inch diameter., It is seen that the ignition temperatures of
the combustibles ave noticeably lower with the latter heat sources than with
the heated wires; but they are still higher than the corresponding AIT valuss
obtained with Pyrex cylindrical vessels of comparable diamsters (Table 2),

Only limited data were obtained on the effect of wixture flow rate ov
velocity on the wire ignition temperstures, bdbut the deta indicated thet the
velocity effect can be expected to vary with the sirge of wive waed, Figuve
11 shows that with relatively lasge wives (0.081 and 0.102~inch diemeter) the
einioua vire ignition temperatures are sesentially the same at the flow rate
of 17,8 tndfuin, {N.T.P.) as under quisscent conditions for neoctane and JP-6
fuel wvapor-air mixturea; the given flow rate coxrespouds to a velocity of

?
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about 0,145 in/sec. in the 2-inch diameter reaction vessel. With smaller
size wires (0,016 and 0.032-i{nch diamcter), the ignition temperature of JP-6
waa at least 100° higher at the above flow. At flow rates greater than L7.8
in?} /mit., the ignition temperature apparently increases (Figure 11), It
should be mentioned that reliable ignition temperature data were not obtained
at very low flow rates (less than 4 {n3/min.); the values obtained at very
low flow rates were usually at least 100° higher than the minimum values found
under quiescent and higher flow conditions, Other investigators have also
noted the inconsistency of wire ignition temperatures at very low velocities
(Ref. 5). This behavior can probably be attributed to the poor mixing of the
reactants and to the accumulation of reaction products around the heated wire
prinrr to {znition,

2, Relationship Between Hot Surface Ipnition Temperature and
Heat Source Dimensions

Theoretically, the igni_lon of a combustible vapor-air mixture in contact
w.th a heated surf-ce snould occur at a point i{n the mixture where the tem-
perature is greitest., In ALT experiments, the gaseous mixture and the walls
of the heated vessel are generally at a uniform temperature; therefore, lgni-
tion should orcur where heat reaction lesses are minimum, usually in the
center of the ves 21, However, i: ignition temperature experiments with
heated wires, the temperature of _ne wire is ordinarily much greater than
that of the confinin: veesa. and the combustible mixture not {n contact wilk
the hested surfuce; in such cases, ignition should take place at or closge to
the heated suvrface, aa was found in the nruasent work (Figure 12). The motion
plecture records in Figure 12 show the ignition and subsequent development of
flame in two wirc ignition expeximcnta with an octane vapor-air mixture at
300° F and at a flew rate of 17.8 ind/min. (N.T.P.); a Nichrome wire of 0.102-
iach dismeter was used in each case, These photographs show that the ignitions
occurred downstream and esgentidally at the surface of the heated wire, The
initial kernel of fiame developed at ignition "8 somewhal obscured in the
pictures because of the light emitted by the wire and that reflected {rom the
veghel walle, Iu vun No., 2, the e%art of fgnition was detected {n the sacond
frame oF the original £4lm. The development 3f flame during the 2arly stages
wos nearly spherical in both rvns but proceeded st a higher rate {n run No, Z;
flame speeds measuved adout 150 cmisec. during the eaxly stages (0 co 15 milli-
seconds) end about 59 cmfsec, subscquently « ~til the flame front became ill-
defined. Also of interect in these photographs is the fact that the ignitions
{n both indtances occurred at atiout the mame p int along the wire surface.
Thios behavior could bu axpected Lf a wire has an irregular or contaninated
surface at some polet end could explain r~ome of the inconsiatencies which
word found fn the data roported hoare,

According to thermal theory, the ignition of a combustible mixtuvxe by a
heated surlsace is governed by the vate of heat release from chewical .ecaction
and by the rate of heat lose {rom the system. Thc size and terperature of
the heated surface determine the amunt of heat available fur initiating the
veaction., FPor thermal ignitions in weated vessels, Prank-Kamenetskii (Ref, 6}
hes darived ar exprassion shich defines the relstionship between the ignition
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temperature (T) and the radius of the vessel (r); he assumed the existence
of a stationary temperature distribution and ipnition.in the center of the
vessel. For a cylindrical vessel this expression is:

1/2
P3N RT?

rE QE Z e“E/RT (l)

where Q is the heat of reaction of the combustible mixture with thermal con-
ductivity &, R i{s the universal gas constant, E is the activation energy and
Z is a rate collision fac ovr., It is applicable primarily to ignitions in

small vessels and at low pressures where convective heat transfer may be
neglected.

Semenov (Ref. 3) derived a similar expression for the case of thermal
ignition by heated wires. He assumed a counductive heat transfer process and
ignition in a thin boundary layer near the wire surface. For this case,

1/2

2
r' | AE T-To)
B b @

where r is the radius of the wire, r' 1s the radius of the vessel and much
greater than v, T, 18 the temperature of the vessel, and the other symbols
have their previoue meaninga. If convective heat transfer is assumed, r'
should be replaced by the radius of the laminar layer of gas within which heat
tranafer is by conduction,

The above cxpresaions indicate that the {ignition temperature, T, should
vdry inversely with the vadius of the heat source, r. Furthermore, as a first
approximation, a plot of 1/T va In t should be linear over a limited range of
temperatures and heat source dimensions, Fipgure 13 shows such a semi-log plot
of the {gnition temperature data obtained heve for the hydrocarbon fuels and
the engine oil with heated vessels, wives, and rods (or tubes), 1t is evident
that the wire and rod ignition temperature data for each combustible tend to
display a linear relationship between 1/T and la r but do not correclate with
the AIT data found with heated cylindrical vessels, The slopes of the straight
1ines drawn to represent the wire and rod ignition data for the hydrocarbon
fuels do not vary significaatly, Therefore, the following uxpression may be
used to describe the spproximate variation of thewe ignition tempeiatures
(T, °R) with the radius (r) of the heat ssurce between 0,008 and 0,25-inch:

1“:'.-2—199.0_-‘( ' (3)
' T
whete k ig 13,50 for JP-6 and hexane, 14.30 for octane, and 14,41 for decane,
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Similarly, for the MIL-L-7808 enginc oil, the following ~quation is applic-
able for r values between 0.008 and 0.375-inch;:

Inr = ..___25200 - 18.53 . (4)

For larger heat sources than those indicated above, it appears that the igni-
tion temperatures may be expected to decrease sharply, according to the AIT
results in Figure 13.

The correlation of the above data was not improved by plotting ignition
temperature instead of its reciprocal against the radius of the heat source
(in r); this plot is shown in Figure 14, However, some improvement was ob-
tained by plotting the ignition temperatures (T) against the surface area of
the heat source (ln A) as shown in Figure 15. Here, at least the AIT data
for the small vessels, those of less than about 0.3-inch radius or 11 in2
surface area, are more consistent with the wire, rod and tube ignition tem-
perature results than is indicated by the plots in Figures 13 and 14, For
the engine oil, the vartation of ignition temperature with surface area of
the heat source is approximately linear over the entire range of surface areas
investigated. The straight (regression) lines drawn to represent the data in
this figure were determined by the method of least squares and are given below:

n-Hexane Tw=1415 - 177 InA ; 0,1 <A1l Sy(x = 43 (3)
n-0Octane Tw= 1367 « 173 1n A ; " A ! w56 (6)
n-Decane T w 1339 - 161 In A " ; " ow fl N
JP-6 T = 1430 - 201 In A ; " : "W 37 (8)
Bagine 0i1 T w 1174 - 115 ln A " ; " w65 9)

where T i8 the ignition temperature in °P and A ia the surface avea of the
heat source in square fnchee; Sy/y {s the standard error of estimate aud is
& measure of the scatter in the vertical (y) direction about the regression
line, Most of the AIT values fall within t 3y/;.

Althcugh it appears that the hot surface ignition temperatures of the
combugtible vapor-air mixtures of interest may be approximiated as some func-
tion of the heat gsource dimensiona, other factors muset also be considered,
The expresaions glven chove are primarily applicable to cylindrical heat
sources and to stagnant or low velocity flow conditions where ignition delay
times are velatively long (> 1 mergnd) and unimportant, However, iguition
temperatures ordinarily are higher under high velocity conditions where delay
timcs are shorter, They also may vary with the shape, length to diameter
ratio, and the construction material of the heat source. The effects of
these and other pertinent variables must be known to predict the ignition
temperatures of the combustible mixtures under the various heating conditions
encountered in practice. In thie connection, chemical kinetics data on the
pre~ignition reactions can be useful in determining the significance of the
ignition tcmperature data obtained and their consistency with thermal igui-
tion theory.

1 31)
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3. Hot Gas Ignition Tempcratures

Luminous columns or precursory flames were ohserved prior to the ignition
of each of the combustibles (fuel vapor-air mixtures) investigated with hot
air jets of 1/4, 3/8 and 1/2-inch diameter. These flames were blue in color
and became longer and brighter with increasing jet temperature until the tem-
perature conditions were favorable for flame propagation through the test
mixture. ‘The latter temperature conditions were used to define the minimum
hot gas ignition temperatures presented in this report. Figure 16 shows a
photograph of a representative precursory flame obtained in a run at tempera-
tures slightly below those required for ignition; the combustible mixture was
n-octane and air at a fuel-air weigit ratio of 0.14 and the diameter of the
hot air jet was 1l/4-inch, 1In this run, the flame persisted for over 180
seconds without effecting ignition of the combustible mixture. Where igni-
tions occurred, these appeared to originate near the top of the flame. In
some experiments conducted with the neat hydrocarbon fuels, such precursory
flames were observed at jet temperatures as wmuch as about 150° below those
requived for ignition; although the flames were barely visible to the observer,
even these may not be tolerated in aircraft systems from the standpoint of
safety,

Figure 17 summarizes the hot gas ignition temperature data which were
obtained with a 1/4-inch diameter air jet flowing into n-hexane, n-octane,
n=-decane, SP-6 jet fuel, and the MIL-L-7808 engine oil vapor-air mixtures.
Bach of the curves shows the variation of the jet iguition temperature with
fuel-air weight ratio at a jet flow rate of 185 1nd/min and a mixture flow
rate of 365 tn3/min, both measured at the N,T,P. conditions of 60° F and 1
atmosphere. The data are similar in many respects to those reported in the
wire {gnition experiments. In particular, the effect of fuel-air ratio was
not great and minfmum hot gas ignition temperatures were found at a fuel-air
weight ratio of about 0.5; also, the lowest ignition temperatures were obe-
served with the afrcraft engine oil and the highest ones with the JP-6 fuel.
Furthermore, therc was little variation between the hot gas ignition tempera-
tures of the three neat hydrocarbon fuels,

Similar results were obtained for each of the sbove combustibles with a
3/8-inch diameter air jet (Figure 18) and for the engine oil with a 1/2-inch
diameter jet, However, the {gnition temperatures decreased noticeably with
an increase in the diameter of the hot gas Jet. For example, tho minimum hot
gas ignition tcmperatures of all the combustibles were between 110° and 180°
lower when the jet diamecter was increased from 1/4-inch to 3/8-inch (Table 4).
Altho.gh the results with the 1/2-inch diameter jet are complete only for the
engine oll, it appears that substantially lower ignition temperatures can be
enpected with air jets greater than 3/8-inch diameter.

11




TABLE 4. - Minimum Hot Gas Ipnition Temperatures of the Hydrocarbon
Fuels and Engine 0il (fuel vapor-air mixtures) with Vari-

ous Jets of Hot Air,

Mixture Flow Rate - 365 in3/min (N.T.P.)
- 185 in3/min (N.T.P.)

Jet Flow Rate

Diameter Ignition Temperature, °F

of Jet, Engine 0il
inch n-Hexane n-Qctane n-Decane JP-6 MIL-L-7808
1/4 1630 1610 1595 1665 1525
3/8 1450 1435 1435 1500 1410
1/2 -- -- - -- 1250

The minimum hot gas and hot surface ignition temperatures of the hydro-
carbon fuels and engine oil tend to display much the same dependence on heat
source diameter, although the former temperatures are observed to be higher.
Pigure 19 gives the ignition temperature data obtained here with the three
hot air jets and with heated wires, rods and tubes 2> O.l-inch dismeter. The
comparison of the hot gas and hot surface ignition temperatures may be mis~
leading since the mixture flow rates, the contact areas, and the correspond-
ing contact times with the various heat sources were not the same in each
case. Information on the influence of these variables is required before a
more realistic comparison of hot gae and hot surface ignition temperatures

can be made,

12
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CONCLUSLONS AND RECOMMENDATIONS

The hot surface ignition temperatures of the combustible vapor-air mix-
tures of interest increased as the size of the heal source was decreased; the
combustibles included n-hexane, n-octane, n-decane, JP-6 jet fuel, and the
MIL-1-7808 engine oil (0-60-18). Consistent with thermal ignition theory,

a logarithmic relationship appears to exist between the radius of the heat
source and the ignition temperaturcs determined with heated wires, rods, and
tubes (0.016 to 0,75-inch diameter), In addition, these ignition tempera-
tures tend to correlate with the autoignition temperatures (ALT's) obtained
in small cylindrical vessels when compared on the basis of the surface area
of the heat source. However, with vessels larger than 0.6-inch diameter,
the AIT's of the combustibles, except for the engine oil, decrease sharply
and indicate a change in the reaction controlling mechanism(s).

The hot gas ignition temperatures of the above combustibles also in-
creased as the size of the heat source, a hot air jet, was decreased. Al-
though ignition temperatuves cbtained wich 1/4, 3/8 and 1/2-inch diameter
jets were higher than corresponding hot surface ignition temperatures, addi-
tional data are needed to make a valid comparison,

In accordance with the program proposal on the subject contract (Purchase
Request NR 18298 1RCN, Delivery Order 33(657)-63-376) the following recommenda-
tions are made for future work with the hydrocarbon fuels and engine oils,

Hot Surface Ignition Temperatures

1. Determine the effects of shape and nature of the construction mate-
rial of the heat source,

2. Determine the variation of wire and rod ignition temperatures with
initial combustible mixture temperature and pressure in quiescent air or with
nearly stagnant combustible vapor-air mixtures,

3. Determine the veriation of wirve and rod ignition temperatures with
flow parallel and perpendicular to the cylindrical heat source.

4, Conduct kinetic studies in confined systems to determine the effects
of heat source dimensions on the rates of pressurc vise and chemical reaction
prior to ignicion,

Hot Gas Ignition Temperatures

1. Complete the ignition tempervature determinations with the combustible
vapor-air mixtures of interest ueing hot air jets between 1/16 and l-inch
dianeter.

2. Determine the cffects of jet flow, mixture flow, and mixture teapera-

ture using alr jets flowing parallel and perpendicular to the combustible
aixture, ' 4 : '

13




3. Determine the variation of the hot gas ignition temperatures with
oxygen concentration of the combustible mixture.

4. Determine critical jet heat flux required to produce "cool' and
"hot'" flame propagation through combustible mixtures of interest,

14
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Pigure 16, =~ Precursory flame formed in pre=ignition reaction of 1/4<inch
diameter hot air jet (1670° F) with a un{form octane-vapor-
air mixture at 350° F,
Jet flow rate - 185 lna/min Fuel=air weight ratio - 0.14
Mixture flow rate ~ 365 ind/min Scale: 1 inch = 0,935 inch
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- 4-in | Pyrex glass pipe
rl I /N(chrome furnace
Ceramic beads P Movable thermoacouples
Liq_uid feed device »‘*‘:/ Water Jacket
BN —
£
Flouwmeter h &,9 & m] /F lowmeter
feed line with T1 3" 1.d nichrome
nichrome ribbon heater d | furrace
Mixing ring
R
S,
A Air
Tubular platinum. //
rhodwum Furnace ’/1 ’ _
Gas _in\éf |

Figure B8-Hot gas Ignition temperature apparatus.
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Initial development
of flame

14 50

15
100

16
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19

Direction
of flow

20

21

22

24

25

26

Run No, 1

Run No, 2
4,58 oilliseconds 1,16 milliseconds per frame
per frame

Pigure 12. ~ Notion picture records from 2 experiments showing the iynie
tion of octane vapor-air mixtures with a heated Nichrome
wire (2 inches long and 0,102«inch diameter) at 1900° P,
Mixture flow rate = 17,8 {nd/min (N.T.P.)
Puel air-wveight ratio « 0,42 Scale: 1 inch » 3,1 inches
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fuel feed device — Wire (2-in. long)

Oven

Flow maeter Reaction vessel

Nr

et G 2 =~ (2-in. diam.-x 8-in. long)

t1E |

| re«

8 [ i 7C-2
‘pass l

control” i W I Recording Oscillograph

—

Control
Switch

Optical pyrometer
"Wov
Hotor driven autotrans former

Figure 1, = Wire ignition temperature apparatus,

Figure 2, « Reaction vessel of wire ignition tempersture
apparatus fitted with a Nichroma tube,
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Jéﬂ\ /-lgnition by hot air jefs,
! \?\ N jet flow rate -~ 185 in¥/min
L 600 LB Mixture flow rate-365 inJia

Z-\gnition by hot wires,
rods, or tubes. Mixture.
flow- rate -17.8inYmin
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DIAMETER OF HEAT SOURCE, inch
Figure |9 Comparisen of hot gas and hot surface
{anition termperatures of various hydrocarbon
fuels and an engine oil in air under Flow
conditions
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