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Burning velocities of hydrogen—air mixtures were measured by the bunsen burner method. A modified angle technique
applied to the dark outer edge of the shadow cone was used in calculating the burning velocities. An attempt was made to

correlate the experimental result with approximate diffusion and thermal theories of flame propagation.

It was found that

diffusion theory predicts a maximum in burning velocity at a much leaner hydrogen composition than is observed experi-
mentally, whereas thermal theory produces the opposite situation by predicting a maximum at a richer composition {29 gs.

42 vs. 55%, H,).

In correlating experimental burning velocity
measurements with the current theories of flame
propagation, the values most frequently used for
hydrogen—oxgyen—nitrogen mixtures have been
those reported by Jahn.? As there has been some
uncertainty regarding the accuracy of those meas-
urements, it was proposed to obtain additional
data for the hydrogen—air system and to relate
these new results to diffusion and thermal theories
of burning velocity. In particular, it was desired
to confirm Jahn’s observation that maximum burn-
ing velocity corresponds to very rich fuel-air mix-
tures.

Experimental

The apparatus and procedure used in this work were es-
sentially the same as described by Clingman,3 with certain
modifications to be given below.

The copper burner used had an inside diameter of 0.317
cm., and was held at 25° by tmeans of a water-jacket. The
burner assembly was placed in a mantle to prevent the
flames from entraining air. The windows on the mantle
were made of optically clear Pyrex glass.

Because of the low light intensity of the hydrogen flame,
direct photography was ineffective without extended expo-
sure times. Measurements were therefore made on photo-
graphs of the shadow cone. The following optical arrange-
ment was used. Light from a 10-watt concentrated-arc
lamp (Sylvania) was collimated by means of a lens, both the
source and the lens being mounted in a metal tube which
was lined up with the burner at a distance of about 12 feet.
The parallel beam was roughly 7 cm. in diameter at the site
of the flame, which itself never measured more than about
1 cm. in height. Shadow photographs were taken with a
Speed Graphic camera (4 X 5 in.) on Kodak Super XX,
high-speed, panchromatic film at exposures of 1-3 milli-
seconds. The camera (with bellows extended ) was mounted
on a support rod along which it could be moved for focusing
purposes.

The camera was first focused on the burner rim, whose
outside diameter (1.11 em.) provided the scale of measure-
ment., In this position the shadow cone was not visible on
the ground glass, but could be brought into view by moving
the camera back a small distance. A pliotograph was then
taken, and an enlargement was made giving a positive image
10-12 cm. in height. The dark, outer edge of this image was
utilized in evaluating the burning velocity.4
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Possible explanations of these discrepancies are discussed briefly.

The calculation was based on the modified angle method
developed by Clingman.b? In brief the method involves an
analytical procedure for determining a mid-region of the
cone over which burning velocity is constant. Values so
calculated for methane-air mixtures were shown by Cling-
man to be independent of flow rate and burner diameter,
when the visible cone was examined.

Application of this method to the shadow cone of the hy-
drogen—air flame produced acceptable results within 2-3%.
The data shown in Fig. 1 are averages of analyses of 2 or
more separate photographs. Values were independent of
variations in flame-to-camera distance. They were also
independent of flow rate insofar as could be determined.
However, the limits imposed by blow-off and flash-back at
Reynolds number below 2000 (z.e., in the laminar region)
severely restricted variations in flow rate, and also in burner
diameter.

Hydrogen was obtained from the American Oxygen Co.
Air was taken from the laboratory supply lines, and was
dried by passing through calcium chloride.

Results and Discussion

Experimental burning velocities are shown graph-
ically in Fig. 1. Jahn’s? data are included as a
dotted curve, in conjunction with some other data
represented by points only. As can be seen, our
results are substantially higher than those given by
Jahn. This is not inconsistent with the fact that
Jahn's measurements were made on the visible
cone, using a total area method based on cone height
measurement. However, it should be noted that
the burning velocity maximum occurs at approxi-
mately the same composition in each case.

Bartholomé,® using a nozzle burner and the angle
method on the visible flame, reported values on the
rich side very similar to those reported by us. On
the other hand Smith and Pickering,” using an angle
method on the visible flame (exposure times of 4
minutes) reported points closer to Jahn's data. All
agree that the maximum velocity occurs at well in
excess of the stoichiometric mixture (42 vs. 28%,).

Flame temperatures and compositions were com-
puted in conventional manner, the method being
described by Gaydon and Wolfhard.®! Equilibrium
constants, enthalpies, heats of formation and other
necessary thermodynamic quantities were obtained
from N.B.S. tables® except for the hydroxyl radical.
The equilibrium constants for the reaction H;O =
1/, H, + OH were calculated using the value for the
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dissociation energy of the hydroxyl radical as re-
ported by Hornbeck.1?

Diffusion coefficients for the active species into
the unburned gas mixtures were estimated assum-
ing that the reciprocal of the average diffusion coef-
fictent for a multicomponent mixture may be taken
as the molal average of the reciprocals of the binary
coefficients, as suggested by Hirschfelder and Cur-
tiss.!!  The binary coefficients were calculated by
the first approximation for rigid elastic spheres.i?
Values for collision radii for N3, O, and H, were ob-
tained from ref. 12, p. 229. The values for H, OH
and O radii were the ones used by Clingman.?

As no experimental data on thermal conductivi-
ties, A, for the hydrogen—air mixtures were available,
and methods of calculation were of questionable
validity, those for hydrogen—nitrogen mixtures were
used, as reported by Ibbs and Hirst.}* The
thermal conductivities of nitrogen and air are
sufficiently similar to make this substitution reason-
able. Thermal conductivities were corrected to
flame temperature by assuming direct proportion-
ality (A « T).

Pertinent data are summarized in Table I. The
ratio [A/Cpp]¢in the last column was used as an in-
dex for evaluating thermal theory. Here C; is the
molar heat capacity and p is the density at flame
temperature.

TABLE I
HyDpROGEN-AIR FLAMES
Thermal
cond.,
cal.
Burn- cm, "1
ing Diffusion sec. 71
veloc- coeff., b °C. -t
He, ity, Flame Conen,, b cm,? sec, "1 X 105
vol, cm./ temp., atm, X 104 at 298°K. at [._))_]
% sec. °K H OH H OH 298°K. L.Cp»
25.0 180* 2140 1.5 153 .. .. ..
28.6 225 2315 12.0 165 1.11 0.306 10.3 1.13
31.6 246 2300 20.0 77.7 1.13 .314 .. ..
37.5 298 2200 21.0 23.0 1.16 .332 12.2 1.36
40.0 312* 2130 15.9 12.1 1.18 .340 .. ..
44.4 310 2020 9.2 4.2 1.20 .356 13.8 1.44
49.0 204 1900 4.3 1.3 1.23 .373 14.9 1.48
52.5 280 1800 15.8 1.51
55.0 270 1740 16.4 1.55
37.5 258% 1660 17.0 1.53
63.0 235 1500 18.4 1.51

¢ Interpolated valuesfrom Fig. 1. ? The calculated concen-
tration of oxygen atoms was negligible, and values of con-
centration and diffusion coefficients are therefore omitted.

In a preliminary attempt to investigate the role
of atoms and radicals in flame propagation, Tan-
ford and Pease!* have developed a theory which
assumes that the rate of flame propagation is con-
trolled by the diffusion of atoms and radicals from
the flame front into the unburned gas, and subse-
quent reaction of these species with the fuel. The
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Fig. 1.—A plot of burning velocities for Hy-air flames:
broken curve, John; V, Bartholome; O, Smith and Pick-
ering.
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mathematical consequences of the theory can be
expressed in the form

S? @ E (kiprDy) (D

where S represents the burning velocity, p:, the
equilibrium partial pressures of the radicals or at-
oms, and D; the diffusion coefficients of the active
species at the flame temperature (assuming D «
7%/, Rate constants for the assumed primary
reactions between radicals and reactants are repre-
sented by ki. As the latter cannot be evaluated
with any degree of accuracy, an absolute calculation
of burning velocity, based on this theory, cannot
be made. However, certain qualitative relations
can be derived from equation 1 by comparing

[E (piDi]l/g with S.

These relations were tested in the following man-
ner. In Fig. 2, curve A is a plot of [>, (p:Dy)]¥2

4
against percentage hydrogen in the initial mixture,
while curve B is a corresponding plot of experi-
mental burning velocities. If the Tanford equa-
tion were precisely applicable, these two curves
would bear a close resemblance to one another.
However, it is evident that curve B maximizes less
sharply, and at a substantially higher percentage
hydrogen (42 vs. 299, H,). This situation would be
somewhat improved if the term for OH-radical
were omitted, but the discordance would still be
considerable (see TableI). Itisseen,therefore, that
the Tanford equation in its present form is not
quantitatively applicable in this case, although the
greater importance of the H atom concentration
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Fig. 2.—A plot of mixture strength (volume % hydrogen)
vs. A, [Z(PWDO]Y*; B, burning velocities, cm./sec.; C,
(x/cpp)l/zﬁ

seems to be well established. Nevertheless, as
Tanford!* has shown, there is a general correlation
over a broad range of compositions in which molec-
ular hydrogen concentration is kept constant, but
the flame temperature is varied by varying the O,/
N, ratio. It 1s only when the molecular hydrogen
concentration is varied that the discrepancy be-
comnes serious.

The applicability of a thermal theory is now to
be considered. In general, most thermal theories
deal with a ““thermal’”’ parameter such that!

sl (2)

where A is the thermal conductivity, C; is the
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average molecular heat capacity, and pis the gas
density, all calculated for the initial mixture at the
flame temperature. The term in equation 2 is given
for each mixture in the last column of Table I.

The variation of [A/Cpp]** with the mixture
strength is shown in Fig. 2, curve C. It is obvious
that the thermal parameter produces an almost
equal but opposite deviation from that of the Tan-
ford diffusion theory, maximizing at substantially
higher hydrogen concentrations (~55%).

It appears from this work, therefore, that neither
a simple diffusion theory nor a thermal theory ap-
plied exclusively can adequately explain the experi-
mental data in this example. It should be possible
to set up an empirical relation involving both 1 and
2 that would yield a closer correspondence to ob-
servation, but this point was not pursued further.
Such a relation would be based on the presumption
that the greater conductivity of hydrogen-rich
mixtures results in a higher average flame tempera-
ture.

It may also be pointed out that neither approxi-
mation takes any account of the peculiarities of the
reaction kinetics as deduced from observations on
the slow (low temperature) reaction.'® In particu-
lar, it will be recalled that there is strong evidence
for chain branching, for which no allowance has
been made in the above. It is also true that low-
temperature rates are substantially greater at high
hydrogen concentrations, a result in qualitative
agreement with the burning velocity data. In
terms such as these, a closer understanding of hy-
drogen—air flames wiil doubtless be achieved.

(16) B. Lewis and G. von Elbe, *Combustion, Flames and Explo-

sion of Gases," Academic Press, Inc., New York, N. V., 1950, pp. 27~
61,
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A number of symmetrical barriers to internal rotation about single bonds in molecules have been calculated on the as-
sumption that the barriers were caused by ordinary van der Waals repulsions between non-bonded atoms or groups of atoms
in the molecules. The repulsions have been estimated by analogy with known repulsions between similar atoms or groups
of atoms which are not part of a larger molecule, with allowances made for any residual electrical charges on the atoms or
groups. The calculations based on this simplified model indicate that in most cases about half the barrier can be attributed
to van der Waals repulsion forces. It is suggested that the remainder can perhaps be explained on the basis of the electro-
static interactions between the charge distributions of the chemical bonds, as originally suggested by Lassettre and Dean

(ref. 9) and by Oosterhoff (ref. 3).
sonable estimates of steric repulsions.

The interactions between non-bonded atoms in
molecules seem to be responsible for a large number
of phenomena in chemistry and physics. These in-
teractions influence the spectra and thermodynamic
properties of many substauces, are responsible at
least in part for the existence of certain rotational
isomers, and cause certain configurations of complex

(1) Institute of Molecular Physics, University of Maryland, College
Park, Maryland,

Although it is admittedly rather empirical, the model seems capable of furnishing rea-

molecules to be preferred over others.2? Further-
more, if these interactions change on going from a
reactant to a product (or a transition state), the
equilibrium constant (or rate constant) for the reac-
tion is affected. Such effects on reactivity are

(2) S. Mizushima, ''Structure of Molecules and Internal Rotation "
Academic Press, Inc., New York, N, Y, 1954,
(3) L. J. Oosterhoff, Thesis, Leiden, 1949;

79, 87 (1951),

Disc, Faraday Soc., 10,



