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BENZENE, AND CYCLOHEXANE

By Melvin Gerstein, Oscar Levine
and Edger L. Wong

SUMMARY

The fleme velocitles of 37 pure hydrocarbons including normal
and branched alkanes, alkenes, and alkynes, as well as benzene and
cyclohexane, together with the experimental technique employed are
presented.

The normal alkasnes have sbout the same flame velocity from
ethane through heptane with methane being sbout 16 percent lower.
Unsaturation increases the flame velocity in the order of alkanes,
alkenes, snd alkynes. Branching reduces the flamé veloclty.

INTRODUCTION

The rate of flame propagetion through hydrocarbon-sir mix-
tures has been intensively studied from both the theoretical snd
applied spproach. Investigators attempting to establish the mech-
enism of flame propagation through thermal and diffusion theories
have encountered a lack of consistent flame veloccities for a vari-
ety of fuels. These investigators were usually restricted to a
consideration of the variation of fleme velocity with fuel concen-
tration and were unable to compare different types of fuel. Inves
tigators attempting to correlate flame velocitles with the perform
ence of fuels in combustors in applied research have been unsble
to determine whether a correlation exists because of the inherent
inconsistency in the flame-velocity data found in the litereture.

The research reported herein was undertaken at the NACA Lewis
laboratory to provide a self-consistent set of flame-velocity
measurements for use 1n correlations with propagation theories
and combustor-performance results.



2 NACA RM E50G24

APPARATUS AND PROCEDURE

Figure 1 is a schematic diagram of the experimental apparsbtus .
showlng the tube method used. The vaporized llquids or geseous com-
pound was edmitted into the evacusted system to prepare a combus-
tible mixture of hydrocarbon and eir. The hydrocarbon pressure

' was obtained from the sbsolute manometer. In order to reduce

meniscus effects, the menometer tubing used in the measurement of
pressures below 100 millimeters mercury had a diameter of 14 milli-
meters. Pressures in this range were read with the aid of a cath-
etometer with a precision of +0.02 millimeter mercury. Alr was
admitted to the system after carbon dloxlde and water vapor had been
removed by Ascarite and anhydrous magnesium perchlorate, respectively.
The total pressure of the mlxture was recorded. The hydrocarbon-air
mlxture contained in the S5-liter flask was then agltated by means of
e motor-driven bellows stirrer. Infrared absorption spectra of sam-
ples withdrawn after 5 and 15 minutes of stirring indlcated that a
S5-minute period was sufflcient to yleld a completely homogeneous
mixture. The hydrocarbon=slr mixture wes then transferred to the
horizontal flame tube by means of a modified Toepler pump. The
barometer indicated that the mixture within the flame tube was at
atmospheric pressure. A sufficient period of time (usuelly 1 min)
was allowed for the mixture within the fleme tube to become gquies-
cent. Immediately prior to ignition, the flame tube was opened to
the atmosphere at both ends end ignition was accomplished by means
of a small alcohol lamp.

The flame tube conslsted of a 2.8~centimeter outside-dlameter
pyrex tube, 57 centimeters in length. A 35/25 gemiball Joint was
attached to each end for connection to the vacuum epparatus. The
end of the flame tube at which lgnition was effected contained an
8-millimeter orifice, which was the size calculated by Guénoche
(reference 1) to reduce pressure disturbances in the tube. After
a series of tests, an additional orifice, 1.7 millimeters in dlam-
eter, was placed in the end of the tube toward which the flame
advenced in order to incresse the uniformity of flame travel.

Coward end Paymen (reference 2) related the fundamentsl flame
velocity Up to the linear observed fleme velocity U, by the
equation

Up = (U, - Ug)(As/Ar) (1)
The fundamental flame velocity Uy 1s that velocity component nor-

mal to eny tangent to the flame surface; it-is & function of hydro-
carbon type and concentration and is independent of the geometry
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of the experimental apparatus. The linear or spatial observed
flame velocity U, 1is that velocity component normal to the cross-
sectional plane of the tube; 1t is a function of hydrocarbon type
and concentration and is entirely dependent on the geometry of the
experimental apparatus. The gas velocity U, is the mean velocity
of the unburned gas set in motion shead of and away from the
advancing flame. The terms Ay -end Ap are the cross-sectional

aree of the tube and the surface area of the flame, respectively.

The spatial flame velocity U, was measured by means of
photocells connected to an electronic timer. Because the time
interval measured was about 0.1l second, the timer had to accurately
meesure time intervals as small as 0.003 second to obtain a des-
ired precision of +1.5 percent. The photocells 6 inches apart
acted as switches, to control the flow of current from the
10,000-cycle osclllator into the pulse counter. The number of
pulses recorded on the countér was directly proportional to the
time interval between the excitetion of the iwo photocells. The
timer circuit was chosen because of its rapid response. In order
to test the absolute accuracy of the timer, an oscillograph was
placed in a parallel circuit with the timer and high-speed motion
pictures were taken of the oscillograph screen as the flame pro-
gressed in the tube. The time markings on the film between the
two points of excitation caused by the flame's passing the two
photocells agreed with the recorded time interval within
*+1.5 percent.

One of the primary difficulties with previous measurements of
spatial flame velocities in tubes has been the uncertainty of the
uniformity of the flame movement within the tube. In order to
establish this uniformity, the flame was photographed with a rotat-
ing drum camere from which the shutter had been removed. Because
the film motion was held constent and directed at right angles to
the direction of flame travel, a straight-line trace on the film
was an indication that the flame velocity had also been constant.
Traces taken for representative hydrocarbons over the wvelocity
renge in this investigation indicated that the flame velocity
remained constant in the region between the photocells. In fig-
ure 2 & typical straight-line trace is shown with the directions
of film and flame travel as indicated. The slope of the line is
dependent on the fuel type and concentration.

The gas velocity term Ug was determined by experimental
measurement of the volumetric rate of gas flow within that part of
the flame tube toward which the flame was advancing, The volumetric
rate of flow was determined from photographs of the progressive
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growth of a soap bubble blown from a tube connected to the flame
tube. This volumetric rate of flow divided by the cross-sectional

area of the flame tube A4 ylelded a mean value for the ges veloc-
ity. In order to determins Ug, a glass tube bent at right angles
so that the open end faced downward was inserted into the small
orifice. The glass tube had a gradually increesing diameter from
1.5 to 10 millimeters. The dimensions of this tube were experi-
mentally determined to insurec that its use would not affect the
area or velocity of the flame. Immedlately prior to ignition, a
goap film was placed across the large end of the glass tube. As
the flame progressed in the tube, a soap bubble was formed by the
ejection of gas from that part of the tube towards which the flame
wes advencing. The soap bubble and an oscilloscope screen were
photographed simulteneously at 64 frames per second. The volume
of the soap bubble was calculated at the two points of excitatlon
on the oscilloscope screen caused by the flame's passing the two
photocells. A typical frame from e photographic record is shown
in figure 3. The increase in volume of the soap bubble and a time
reading obtained simultaneously with the electronic timer ylelded
e value of the volumetric rate of gas flow. The varlation of Ug
with the spatial flame velocity Uy is shown in figure 4. The
deta presented were taken for three different types of fuel cover-
ing a wide range of spatial flame velocities. A straight line
faired through the date over a range of spatial fleme velocitiles
from 70 to 150 centimeters per second can be represented by

Ug = 0.236 U, - 10.47 (2)

Although there is considerable scatter in the data, the gas-
velocity correction applied to the observed wvelocity Uy 1s a
small one so that none of the deviations produce more than 2- to
3-.percent error in the final result.

The cross-sectional area of the tube Aty was obtained by
direct measurement of the internal diameter of the tuhe.

The flame-surface area = Ap was obtained from photographs of
the flame surface (fig. 5). The area Ap+hs of the surface
bounded by the flame surface and a straight line Joining the two
points at which the flame touches the tube was calculated by the
method of Coward and Hartwell (reference 3)., In order to get the
surface ares of the flame itself Ap, the element of area Ap
was calculated by assuming that this element was half of a prolate
spheroid. The areas Ap and Ap were constants for all the hydro-
carbone studied in this research. '
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In order to check the reproduclbility of the experimental pro-
cedure, n-hexane was periodically tested during the investigationm.
At no time did the values obtained for this hydrocarbon differ by
more than 2 percent. At least three determinstions for the observed
velocity U, were made for each mixture concentration studied.

The flame velocities reported here are sverage values and have a
precision of *2 percent.

RESULTS AND DISCUSSION

The flame velocities of 37 pure hydrocarbons including normal
and branched alkanes, alkenes, and alkynes, as well as cyclohexane
and benzene are summarized in table I. The observed linear veloc-
ity U, and the corrected linear velocity U'O-Ug are given
together with the maximum calculated fundamental flame velocity Up.
Where available, the purity and the source of the hydrocarbons are

given.

The variation of the fundamental flame velocity with fuel con-
centration is presented 1n figure 6 for the normal alkanes from
methane through heptane. The stolchiometric concentration is
indicated by arrows. In general, the maximum flame velocity occurs
in mixtures containing 10 to 30 percent excess fuel. Similar
curves for the l-alkenes, l-alkynes, branched alkenes, branched
l-alkenes, cyclohexene; benzene, and other alkynes are shown in fig-

ures 7 to 12.

A summery of the meximum flame velocities from the preceding fig-
ures is shown in figures 13 to 15. In figure 13 it can be seen that
the normal alkanes from ethane through heptane have approximately the
same flame velocity; methane 1is ebout 16 percent lower. Unsaturation
increases the maximum flame velocity. In general, the alkynes have
the highest flame velocities with the alkenes intermediate and the
alkanes lowest. The Increase in meximum flame velocity is most
pronounced in the compounds of low molecular welght; the effect
decreases as the number of carbon atoms in the chain increases.

The effect of branching on flame veloclity can be seen 1n figures
14 and 15. In every cese, branching appears to lower the flame
velocity although many of the changes are within the experimental
error of £2 percent. As with unsaturation, the reduction in fiame
velocity due to branching is most pronounced in the hydrocarbons of
low molecular welght.
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CONCLUSIONS

From the study of flame wvelocitles for 37 pure hydrocarbons .
including normal and branched alkenes, alkenes, and alkynes, as
well as cyclohexsne end benzene, the following conclusions are
drewn:

1. Unseturation increases flame velocities of the hydrocarbons
in the increasing order: salkanes, alkenes, and alkynes,

2. Branching reduces the flame velocity of a hydrocarbon.

Lewis Flight Propulsion Laboratory;
National' 'Advisory Committee for Aeronautics,
Clevelend, Ohio.
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TABLE I - SUMMARY OF RESULTS

Fuel Source | Estimated | Maximum Maximum Maximum Volume
?u.rity ) Us Yo -U8 Up ?‘:rien:
rcent el &
re (om/sec) | (cm/sec) | (cm/sec) o
Ug

Methane Mt 99 84.5 1 75.0 33.8 9.96
Ethene pa 99.9 102.8 89.0 40.1 6.28
Propane P 1] 99.5 86.5 39.0 4,54
Butene P 99 96.2 84,0 37.9 3.52
Pentane macaS 99.3 98.0 85.3 38.5 2.92
Heoxane NACA 97 98.0 85,3 38.5 2.51
Heptanse NACA ———— 98.3 85,6 38.6 2.26
2-Methylpropane P 99 87.5 77.3 34.9 3.48
2,2-Dimethylpropane P g8 83,0 73.9 33.3 2.85
2-Methylbutane NACA 99.4 $2.5 8l.1 36.6 2.89
2 ,Z-Dimethylbutanz. HACA 98 90.0 79.2 35.7 2.43
2,3-Dimethylbutane NACA ———— S1l.7 80.5 36.3 2.45
2,2,3-Trimethylbutane NACA ———— 80,5 79.6 35.9 2.15
‘| 2-Methylpentene NACA 98,3 83.0 81.5 36.8 2.46
3-Methylpentane NACA 98 92.7 81l.3 36.7 Z2.48
2,3-Dimethylpentane NACA ———— 892.2 80,9 36.5 2.22
2,4-Dimethylpentane P 99 89.9 79.2 35.7 2.17
Ethene ot 99.5 184.5 151.4 68.3 7.40
Propene P 88 113.4 97.1 43.8 S.04
1-Butene P o9 111.5 95.7 43,2 3.87
l1-Pentene NACA ——— 110.0 94, 42.6 3.07
l-Hexene KACA ———— 108.5 93.4 42.1 2.67
2-Methyl- propene P ——— 95.0 83.1 37.5 3.83

2-Methyl-1-butens RACA ———— 99.5 86.5 39,0 312
3-Methly-l-butene NACA ———— 1086.9 g2.1 41.5 3.11
2-Ethyl-1l-butene NACA ——— 100.3 87.1 39,3 2.65
2-Methyl-1-pentene NACA ———— 101l.2 87.8 39.6 2.80
4-Methyl-1-pentens TRACA ———— 104.0 89.9 40.5 2.62
Propyne NACA 98 189.1 154,.9 69.9 5.86
1-Butyne KRACA 89,7 155.0 128.9 58.1 4,36
1-Pentyne NACA ———— 140.0 117.4 52.9 3.51
1-Hexyne NACA ———— 127.0 107. 48.5 2.97
4-Methyl-1-pentyne KACA ———- 116.9 99,8 45.0 2.87
2-Butyne NACA ——— 135.6 114.1 51.5 4,38
3-Hexyme NACA ———— 118.0 100.6 45.4 3.05
Cyclohexene ———— ———- 98.4 85.7 38,7 2.65

Benzene ———— ———— 104.5 90,3 40,7

e Matheson Company, Inc.
'hillips Petroleum Company.

4

epared Jjointly by National Buresu of Stendards and NACA.
Ohlo State University Resesxrch Foundation, A.P.I. Research Project 45.
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Figure 1. - Flame-speed apparatus.
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Flame travel
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Figure 2. - Photographic evidence of uniform flesme velocity.
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Figure 3. - Typicel frame from soap-bubble motion picture.
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Figure 5. -~ Flame geometry.
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