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TECHNICAL NOTE NO. 1608

EFFECT OF HYDROCARBON TYPE AND CHAIN LENGTH
ON UNIFORM FLAME MOVEMENT
IN QUIESCENT FUEL-AIR MIXTURES

By Thaine W. Reynolds and Earl R. Ebersole

SUMMARY

The results of flame-speed measurements of quiescent fuel-alr
mixtures in a 2,5-centimeter horizontael glass tube of 16 straight-
chaln hydrocarbons of the paraffin, olefin, diolefin, and acetyleme
series and of four cyclic hydrocarbons are presented in graphical
form,

The pereffin hydrocarbons all had essentlally the same peak
flame speed. Increased unsaturation in a molecule of given size
resulted in e higher peak fleme veloclty. Thls effect was most
pronounced in the emsller molecules and dropped off rapidly as
the chain length was increased. DPeak flame speed decreased as the
chain length of the unsaturated compounds was increased.

INTRODUCTION

As part of an investigation being conducted at the NACA Cleveland
laboratory to determine the effect of structure on the flame speed
of a fuel, a study of the relation of unsaturation and of chain
length to the uniform flame movement in a gulescent fuel-alr mixture
for 16 straight-chain hydrocarbons up to six carbon atoms in length
and for four cyclic hydrocarbons has been made in a horizontal glass
tube with an intermal diameter of 2.5 centimeters.

Coward end Hartwell (reference 1) have shown that the funda-
mental flame speed of a fuel, or the burning rate at any polnt
normal to the surface of the flame, i1s constant over the flame sur-
face and is dependent only upon the fuel-alr composition of the
mixture at any given temperature and pressure.

Several investigators (references 2 to 5) have shown that in
a tube closed at one end and ignited from the open end, the flame
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travels through the combustible mixture with a uniform velocity
over a part of the tube length. The magnitude of thia uniform
veloclty for any fuel at a constent temperature and pressure 1s
dependent upon (1) the fuel-air ratio of the mixture, (2) the
dlemeter of the tube, and (3) the direction of propagation, that
1s, whether upwerd, downward, or horizontal,

The uniform flame velocity, that 1s, the linear rate of Plame
travel through the tube, 1s equal to the product of the fundamental
flame speed times the area of the flame surface divided by the
cross-sectional area of the tube. Thus, by measurements of the
uniform flame veloclty, the fundamental flame apeeds of different
combustible mixtures can be relatively compared.

All results reported herein are presented as the variation of
the uniform flame veloclty with mixture composition and are given
in ‘graphical form.

Acknowledgement 18 made to the American Petroleum Instilitute
Research ProJject 45 at the Ohio State University Research Foundation
for contributing four of the hydrocarbons used in this study.

APPARATUS AND EXPERIMENTAL PROCEDURE

The flame-speed measuring apparatus consisted of a glass tube,

13 %-feet long, with an internal dlameter of 2.5 centlimeters. 'The
apparatus assembled for the introduction of a fuel-alr mixture 1is
shown 1in figure 1. Two electrodes, which were located in the tube
2 inches from the open end and were connected to the secondary of a
10,000-volt transformer, were used to ignite the mixture.

In order to establish the uniformity of the flame travel and
the reproducibllity of the results, the speed of the flame was first
meapured by four lonization gaps, consistling of tungsten wires,
located in pairs at 6-inch intervals from the open end of the tube.
An electromotive force of 24 volis was lmpressed aocross the gaps.
The impulse created when & circuit was completed by lonizatlon 1in
the fleme front was amplified and photographicelly recorded along
with traces from a timing fork at 1/100-second intervals. The
uge of four ionization gaps enabled the determinstion of the speed
to be mede over three successive parts of the tube and thus to
establish the uniformity of the flame travel over that part of the
tube, The flame travel was found to be uniform within+2 percent

for e distance of 12 inches starting at the first gap.
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The date presented hereln were taken using an electronic timing
device. This device consisted essentlally of two photoelectric cells
located at polnts 6 and 18 inches from the end of the tube, respec-
tively. The impulses caused by the flame front passing the photo-
electric cells, after passing through sultable amplifying circults,
were used to start and to stop an electric timer graduated in
1/60-second intervals.

The source and the estlmated purity of the fuels used iIn this
investigation are listed In table I.

Geseous mixtures of each fuel with alr were mede up in lZ2-gallon
carboys and were allowed to become completely homogeneous by stand-
ing several hours before samples were wlthdrawn., The combustion
tube was evacuated to a pressure of a least 1 millimeter of mercury
absolute and the sample was Introduced and brought up to atmospheric
pressure by means of the modified Toepler pump. At least 5 min-
utes were allowed for the mixture to become quiescent, the stopper
was carefully removed, and the mixture was ignited. An average
of three such determinations for each fuel-ailr mixture was taken
to obtain the values for flame veloclty reported. At the peak
flame-speed values, the mean deviation of all the determinations
was about 2 percent.

DISCUSSION OF RESULTS

The results of the investigetion of the streight-chaln hydro-
carbon fuels are shown in figures 2 to 6. Fuels vith tns same
number of carbol. atons per molecule are shown together on the
same figure, so that the effect of increasing unsgturation in a
molecule of given size may be noted. Uniform flame velocity is
plotted ageinst the function

fuel-air ratio of mixture
Puel-air ratio of mixture + stoichliometric fuel-air ratio

This ratio, denoted R in this report, has values ranging from
0 to 1 for all possible fuel-air ratios and is equal to 0.5 for
the stoilchiometric mixture.

The peak flame velocity for all fuels occurred on the rich
side of the stoichiometric mixture at velues of R ranging from
0.52 to 0.56 with the exception of benzene, the peak value of
which oceurred at approximately 0.61 (fig. 7).
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The increase in peak flame velocity of a triple-bond over a
double-bond hydrocarbon in a molecule of glven size 1s greater
than the increase of a double over a single bond. The effect of
one triple bond is greater than that of two conjugated double bonds
ag 1s shown by a comparison in the four-carbon and five-carbon
series (figs. 4 and 5).

"The results for the cyclic hydrocarbons ere shown in flgure 7.
Cyclopropane had the highest flame speed of the compounds tested.
Cyclohexene showed an increese 1ln peak flame velocity of about
12 percent over the corresponding saturated ring compound, cyclo-
hexane, The Increase in peak flame velocity for benzene over
cyclohexene was only about 4 percent. The cycloparaffins, cyclo-
propane and cyclochexane, had higher peak flame veloclties than
the corresponding stralght-chain paraffine, propane and hexane
(figs. 3 and 6, respectively). . Similarly, cyclohexene showed a
slightly higher flame velocity than l-hexene.

A plot of the peak uniform flame velocity obtained against
the number of cerbon atoms per molecule for the stralght-chaln
compounds 1s ishown in figure 8. The paraffin hydrocarbons all
had essentially the same peak flame speed. It can be seen from
thig figure that the effect of increasing unsaturation in a meolecule
of given size 1ls greatest in the smaller molecules and drops off
rapidly as the chain length is increased. Some effect is still
apparent, however, in chains of six carbon atoms. With this
number of carbon atoms, the peak flame speed of the acetylene
hydrocarbon 1s still about 25 percent greater than the flame speed
of the corresponding paraffin hydrocarbon. The point for acetylene
on figure 8 was estimated from fundamental flame speed data taken
from reference 6.

SUMMARY OF RESULTS

Trom an investigation of qulescent fuel-air mixtures in &
2.5-centimeter tube, it was found that for hydrocarbons up to six
carbon atoms per molecule:

1. The straight-chain peraffin hydrocarbons had essentlally
the same peak flame speed.

2, Increasing the unsaturation in & molecule of given size
increased the peak flame speed. This effect was most pronounced
in the smaller molecules and dropped off rapldly as the chain length
was Increased,
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3. Increasing the length of the carbon chain in an unsaturated
stralght-chein compound decreased the peak flame speed.

Flight Propulsion Research ILaboratory,
National Advisory Commlttee for Aeronautics,
Cleveland, Ohlo, December 8, 1947.
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TABLE I - SOURCE AND PURITY OF FUELS USED

Hydrocarbon Source Minimum estimated
purity, (mole
percent)

Paraffins
Ethane Ohio Chemical & Mfg. Co. 95
Propane Ohlo Chemical & Mfg. Co. 99.9
Butane Ohio Chemical & Mfg. Co. 99
Pentane Phillips Petroleum Co. 99
Bexane Phillips Petroleum Co. 95
Olefins )
Ethylene Ohio Chemicel & Mfg. Co. 99.5
Propylene Ohlic Chemical & Mfg. Co. 99.5
1-Butene The Metheson Company, Inc. 99
2-Pentene Phillips Petroleum Co. 95
1-Hexene 0SU Res. Foundatlion, A.P.I. 99
Res. Project 45 .
Diolefins
1,3-Butadiene | Ohioc Chemical & Mfg. Co. 88
1,3-Pentadiene | 0SU Res. Foundation, A.P.I. 29
Res. Project 45
Acetylenes
Propyne 0SU Rea. Foundation, A.P.I. 99
Res. Project 45
L-Butyne 0SU Res, Foundation, A.F.I. 929
Res. Project 45
1-Pentyne Farchan Research Laboratories 95
l-Hexyne Farchan Research Laboratories 95
Cycloperaffins
Cyclopropane Ohio Chemical & Mfg. Co. 99.5
Cyclohexane Dow Chemical Co. g8
Cycloolefins
Cyclohexene Eastman-Kodak Co. 95
Aromatlcs
Benzene Barrett Div., The Allied 98

Chemiceal & Dye Corp.
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