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SUMMARY

The effect of flow conditions on the geometry of the turbulent
Bunsen flame was investigated. Turbulent flame speed is defined in
terms of flame geometry and data are presented showing the effect
of Reynolds number of flow in the range of 3000 to 35,000 on flame
speed for burner diameters from 1/4 to l% inches and three fuels -
acetylene, ethylene, and propane.

The normal flame speed of an explosive mixture was shown to be
an important factor in determining its turbulent flame speed, and
it was deduced from the data that turbulent flame speed is a func-
tion of both the Reynolds number of the turbulent flow in the
burner tube and of the tube diameter.

INTRODUCTION

A flame advancing through an explosive mixture at rest or in
laminar flow assumes, at least initially, a smooth combustion front.
The speed normal to the front and relative to the adjacent unburned
mixture with which this front advances 1s known as the normal flame
gpeed of the mixture (or transformation velocity). This speed is
constant for a given set of physical and chemical conditions.

In turbulent flow, the combustion front is not smooth, because
it is disturbed by the fluctuating components of velocity. Yet if
a surface sufficiently large in comparison with the scale of tur-
bulence is considered, the average position of the combustion front
advances with some definite speed normally to itself. This speed
will be called the turbulent flame speed and its value will prob-
ably depend upon the aerodynamic as well as the physical and chem-
ical conditions of the explosive mixture.

Because turbulence can greatly increase the rate of burning of
fuel-air mixtures, an eract knowledge of the influence of turbu-
lence on combustion is highly importent to practical applications.
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Some information has been gathered from tests on internal -combustion
engines (reference 1). In these investigations, no attempt was

made to relate the rate of burning to any fundamental measurable
property of the turbulence. The degree of turbulence of the charge
in the engine cylinder was varied by changing engine speed or cyl-
inder geometry. Two investigators, Damkohler (reference 2) and
Shelkin (reference 3) each have proposed a theory to relate flame
speed to turbulence. These theories require evaluation with exper-
imental data obtained under well-defined conditions.

A possible method of investigating the relation between tur-
bulence and rate of burning is by measurement of rate of flame
propagation in a steady-flow Bunsen-type burner. It is possible in
such an apparatus to create forms of turbulence that have been
quantitatively investigated. Furthermore, it is common to deter-
mine normal flame speed as the volume rate of flow of explosive
mixture divided by the surface area of the inner cone of a laminar
Bunsen-burner flasme. (See reference 4 for a discussion of the
method.) This technique for measuring flame speed can also be used
in the range of turbulent flow. Demkdhler (reference 2) carried
out some measurements in this manner, but his data are insufficient
to establish conclusively a theory.

In experiments conducted at the NACA Cleveland laboratory
during 1945, flame speeds were experimentally determined by the
Bunsen-burner technique with fully developed turbulent flow in the
burner tubes. Data wers obtained for three fuels, for burner

dismeters from 1/4 to lé-inches, and for Reynolds numbers in the

range from 3000 to 35,000. In order to show the effect of tur-
bulence on flame speed, these turbulent flame speeds were correlated
with normal flame speed, tube diameter, and Reynolds number. In
addition, the data were used to test the theories of references 2
and 3.

APPARATUS AND PROCEDURE
Equipment

The apparatus used in this investigation is dlagrammatically
shown in figure 1. Fuel and alr were metered separately, then
thoroughly mixed, and conducted into the Bunsen-burner tube, which
was long enough for fully developed turbulent flow to result at
the burner outlet. The burners used were a series of four smooth
seamless steel tubes, which had the following dimensions:
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Nominal Inside Length, L Ratio of length
diameter diameter, 4 (cm) to inside
(in.) (cm) diameter, L/d
1/4 0.626 125 200
3/8 .943 215 228
5/8 1.579 215 136
1% 2.843 215 76

The tubes were cooled to room temperature by water Jackets.

In order to prevent blow-off of the Bunsen flame at high flows,
it was necessary to surround it by an auxiliaery flame. An annular-
shaped burner was formed around the lip of the Bunsen burner by
surrounding it with a tube of somewhat larger diameter. A fuel-air
mixture at low velocity flowed through this auxiliary burner; the
fuel in the auxiliary burner was the same as that in the main
burner. This mixture burned at the outlet of the burner and kept
the inner Bunsen flame seated to the 1lip. The auxiliary flame was
always kept as low as possible so as to reduce the errors caused by
this flame to a minimum. The auxiliary flame seemed to have had no
appreciable effect on the main body of the Bunsen flame 1n that,
where flow conditions permitted, no change could be noticed in the
Bunsen flame when the auxiliary burner was suddenly shut off.

Fuels

Measurements were made using three commercial-grade fuels -
propane, ethylene, and acetylene. Because acetylene is dissolved
in acetone in the tank, an appreciable amount of acetone 1s present
in the gaseous fuel. Most of this acetone was removed by bubbling
the acetylene-acetone gaseous mixture through flowing water. The
combustion air used came from the laboratory service air supply,
which, when expanded, had a relative humidity. of approximately
15 percent. No temperature control was used; very little variation
of temperature, however, was observed.

Method of Measuring Flame Speed

The combustion zone of a laminar Bunsen flame is thin and
clear-cut, but that of a turbulent Bunsen flame consists of a
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"brush" of flame having a roughly conical shape but apparently
formed of a rapidly fluctuating, much folded surface (fig. 2(a)).
Nevertheless, certain surfaces can be identified in the turbulent
flame; for example, in figure 2(b) an inner and outer envelope of
the flame and a mean surface are indicated. A flame speed cor-
responding to each of these surfaces may be determined. Although
Damkohler (reference 2) believed that the inner and outer envelopes
are related to the turbulent and normel flame speed, respectively,
it is considered herein that the flame front has some average
position around which it fluctuates, the degree of fluctuation
determining the position of the inner and outer envelopes. The
turbulent flame speed should then be that flame speed corresponding
to the surface that is the average position of the flame front, or

where

u turbulent flame speed

Q volume rate of flow

S surface area of mean position of burning

The volume rate of flow was obtained by the flowmeter readings. The
surface area of any given turbulent flame was determined in the fol-
lowing manner: The flame was photographed on 5- by 7-inch film with
an exposure time of about 2 seconds. An average flame surface was
drawn on the negative of the photograph and an attempt was made to
draw the surface halfway between the inner and outer envelopes of
the flame brush (fig. 2(b)). The surface area was then determined
by the approximate equation for cone-like surfaces of revolution

S=AT1 (2)

where

A area of longitudinal cross section of flame as photographed

h height
L length of generating curve, excluding base, of cone-like
surface

This method has been used by others for laminar flames (reference 5).

995
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The emount of work required to determine the surface area was

shortened by plotting S/d° against h/d where d 1is the burner-
tube diameter. Once enough points had been plotted to form a curve,
the surface area could be found simply by measuring the height of
the flame cone. The height was measured directly on the flame by
means of a horizontal sliding arm mounted on a scale, sights being
prlaced 18 inches apart on the arm. In this way, the whole flame
could be kept within the field of view and fair reproduclibility was
possible.

Some doubt may exist as to the physical significance of a
flame speed determined by the method outlined; especially, it may
be that, although the idea of an average surface 1is sound, the
position halfway between the inner and outer envelopes as seen on
the photographs is not a true average surface. The data will
therefore be presented first in terms of flame geometry and then
in terms of flame speeds.

The observations were made on fuel-air mixtures in each case
having the maximum flame speed. Each measurement was made by use
of a series of three or four observations in which the fuel-air
ratio was varied in the neighborhood of that for maximum flame
speed. The flame speed observed was taken as the maximum on a
curve drawn through the data so taken. By thlis means any errors
due to inaccuracy of flow-measuring devices were eliminated.

RESULTS
Geometry of Turbulent Bunsen Flames

Near the base a turbulent Bunsen flame is almost leminar in
appearance. Higher up the flame front develops waviness; and
still further up individual peaks of flame are observed to shoot
up from the interior of the inner cone. When these peaks of flame
appear, the outer envelope begins to bend more sharply inward.
These characteristics together with the three dimensionality of the
flame make it difficult or impossible to locate the position of the
inner envelope with certainty.

The ratio of mean flame surface area to the square of the

burner diemeter S/d2 1s plotted against the ratio of flame height
to burner diameter h/d in figurs 3. The points from various
burner sizes for a given fuel fall on a single curve when plotted
in this manner. These curves Indicate that the flame broadens out
as the height becomes greater. For it, in becoming higher, all
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vertical dimensions of a flame were merely stretched, the curve of
surface area against height would be a straight line through the
origin, which is obviously not the case.

In figure 4 it 1s shown that, for any one fuel, the height of
the average position of a flame is roughly a function of Reynolds
number. In every case, however, the curves of the smaller burners
lie higher. The fuel-air ratio is in each case that corresponding
to the maximum flame speed.

Some data of the height of the outer envelope of the flame
brush were recorded. This height minus the height of the average
surface is one-half the flame-brush width in the center of the tube.
It has been plotted against Reynolds number in figure 5. Although
the scatter 1s great, the brush thickness seems to vary linearly
with Reynolds number. The large scatter is due to the uncertainty
in locating the height of the outer envelope.

Turbulent Flame Speeds

Examples of the variation of flame speed, as previously defined,
with fuel concentration for various Reynolds numbers are shown in
figure 6. The data shown were obtained by direct measurement of
mean flame height. The fuel concentration for maximum flame speed
is observed to be slightly richer for turbulent than for laminar
flames. This effect 1s believed to be caused by the turbulent flame
seeming to widen out slightly as it becomes richer so that, for the
same mean surface area, the height of a rich flame is less than that
of a lean flame.

The variation of flame speed with Reynolds number of pipe
flow is shown in figure 7 for fuel concentrations of maximum flame
speed. Values of normal flame speed from reference 4 are indicated
for the three fuels by points on the ordinate. Reynolds number
of flow is not necessarily descriptive, however, of turbulence at
the flame front. The data of figure 7 were obtained both by photo-
graphing the flame and by direct measurement of flame height; in
both cases the mean surface area was obtained from the curves in
figure 3. The points representing data taken by direct measurement
are the maximum flame speeds from curves like those of figure 6 and
are therefore, in most cases, averages of several measurements.
}Most of the points representing photographic data are averages of
two separate flame-speed determinations. The large scatter of the
acetylene flame speeds for the 3/8-inch-diameter burner at low
Reynolds numbers is believed due to the fact that, because the
flame was small, a small absolute error in height measurement
resulted in a large relative error.

S66
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The data of figure 7 show several consistent characteristics.
For any one explosive mixture, the turbulent flame speeds are all
greater than the normal flame speed and for a given Reynolds number,
the flame speed increases with increasing burner diameter. In gen-
eral, flame speed increased with Reynolds number but at a decreasing
rate, and at the larger values of Reynolds number, flame speed
approached asymptoticallya linear relation with Reynolds number.

DISCUSSION
Nature of Turbulence in Pipe Flow

The fact that the flame speed as defined in turbulent flow
cannot be determined with very high accuracy is a circumstance that
is implicit in the very nature of turbulence. The results of the
measurements are principally an identification of certain trends in
turbulent flame speed as summarized. It is thus desirable to iden-
tify the nature of the turbulence in which the measurements were
made.

The theory of turbulent flow in general is reviewed in refer-
ences 6 to 8. It is concluded in the theory, particularly in
reference 8, that a scale factor and an intensity of turbulence
are sufficient to characterize isotropic turbulence. These two
factors have been measured in various ways. The turbulent inten-
gity based on longitudinal turbulent motion is shown in dimension-
less form in figure 8, as measured between two infinite planes
(reference 9); the distribution is expected to be similar to that
in a tube. It is notable that the turbulence in the tube is not
completely isotropic so that the mean turbulent intensities are
different in different directions.

The mixing length has also been measured and is shown in
figure 8 as published in reference 6. It is evident that both
mixing length and turbulence vary widely across the flow. It
follows that insofar as the turbulent flame speed is to be asso-
ciated with the nature of the turbulence, it is a mean flame speed
that is associated with an average type of turbulence in the gas
issuing from a uniform tube.

In measurements of flame speed in turbulent flow, the scale
of the turbulence in the tube is proportional to the size of tube
and the intensity component is proportional to the mean gas flow
velocity, as follows from general similarity relation.
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Theories of Turbulent Flame Speed

Damkthler (reference 2) in an attempt to determine the effect
of turbulence on flame speed presents some data obtained from a
Bunsen propane-oxygen flame on a burner tube that is long enough
to have fully developed turbulent flow. It was found that flame
speeds corresponding to the outer envelopes were approximately
equal to the normal flame speed of the mixture. The flame speed
corresponding to the inner envelope was assumed to be the turbulent
fleme speed. The ratio of the flame speeds corresponding to the
inner and outer envelopes was therefore considered equal to the
ratio of turbulent flame speed to normal flame speed. Results from
three burners of 1.385~, 2.180-, and 2.718-millimeter diemeters were
obtained. The flame-speed ratio was then shown by somewhat limited
data to vary linearly with the square root of the Reynolds num-
ber «~/Re for the two smaller tubes in the range 2300 < Re < 5000
and linearly with Re for the two larger tubes in the range
5000 < Re < 18,000.

In the discussion of results of reference 2, two conditions
of turbulence are considered that depend on whether the scale of
the turbulence is much greater or much less than the thickness of
the laminar flame front. Fine scale turbulence was considered to
influence the rate of diffusion between the burned and unburned
gas without roughening the flame front and large scale turbulence
was consldered only to roughen the flame front thus increasing its
surface area. The theory developed attempted to show that for
fine-scale turbulence,

s (3)
and that for large-scale turbulence

Bui-;’e (4)
where
v is kinematic viscogity of explosive mixture

€ is turbulent diffusion coefficient

The turbulent diffusion coefficient ¢ 1s an empirical factor
that was devised to develop a theory for the turbulent-velocity
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distribution in a pipe or tube. By analogy with the molecular
diffusion coefficient, it is written as

¢ e (5)

where

[P ;
u root mean square fluctuating component of velocity
/) so-called mixing length, a scale factor

In the von KArmAn theory of pipe turbulence, the factors camprising
¢ enter into the theory as empirical paremeters evaluated from the
velocity distribution, but equivalent or analogous gquantities are

directly measurable. It has been shown by direct observation that

in turbulent pipe flow, 7% varies as the mean gas velocity, and

that the scale, and therefore presumably 1, varies as the pipe

diameter. Both quantities are hardly approximately constant across
the flow; but in predicting the results of any experiments dependent
on €, 1t is apparent that mean ¢ must vary as the Reynolds num-

ber of the pipe flow.

In reference 2, it was considered that the smallest burner
used could be considered to give fine-scale turbulence; whereas the
largest burner gave large-scale turbulence, the difference of which
was believed to account for the difference in the dependence of
flame-speed ratio on Reynolds number.

A theoretical analysis of the effect of turbulence on flame
speed is presented in reference 3. The two cases of fine-scale and
large-scale turbulence are again considered. Based upon the same
considerations as in reference 2, the expression for turbulent
flame speed uy in fine-scale turbulence was derived:

v = U, /1 + 2 ()

where K 1s the thermal conductivity due to molecular motion.

For the case of large-scale turbulence, the expression for ug
was derived to be
2
U
u
n
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where B 1is a nondimensional coefficient and is approximately
unity. It should be noted that flame speed for large-scale tur-
bulence is here predicted to be independent of the scale of tur-

bulence and to be independent of the normal flame speed if the
2)
intensity of turbulence U~ becomes great compared to unz.

Test of Theories of Effect of Turbulence on Flame Speed

According to the theories of references 2 and 3, the flame
gspeed in turbulent flow is predicted to depend on the turbulent
diffusion coefficient € for small-scale turbulence. It has been

shown that ¢ = Zv@gé and that € should vary as the Reynolds
number of flow Re inside the tube. If the change of € is
neglected in the space between the tube outlet and the rlame, it
follows that the turbulent flame speed is predicted for small-
scale turbulence (a) in reference 2 to vary as un~f§§, and

(v) in reference 3 to vary as u,./1 + kRe where k 1s a constant.

Actually the theories as presented were somewhat more specific in
their predictions. The predictions of reference 3, for example,
would seem to approximate those of reference 2 because the second
term in the radical is much larger than 1.

Again for large-scale turbulence, the predictions are that
flame speed should vary as u,Re (reference 2) and as

2

o =
uﬁz (reference 3). For the range of experiments, up

is approximately 1 foot per second, and Ez varies in the range of
magnitude of un?

u, 1 4+ B

Surmarizing the results of the flame-speed measurements, fig-
ure 7 serves to give some fairly definite indications as to whether
the theories mentioned are accurate.

First, according to the theory of turbulence in pipes or tubes,
the mixing length of the turbulent flows used is approximately
0.1 inch, which is definitely greater than the 0.001 inch usually
congidered to be the approximate thickness of the laminar flame.
The data show that: (a) The Reynolds number is inadequate alone to
correlate the turbulent flame speed; and (b) in any case the varia-
tion of the turbulent flame speed with Reynolds number for a given
tube is nonlinear in the range of large-scale turbulence. Accord-
ing to the results of this investigation, it 1is seen that the theory
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of reference 2 concerning the effect of large-scale turbulence on
the flame speed in a Bunsen-burner flame thus appears to be in
error as to the dependence on Reynolds number.

The turbulent intensities used are certainly large enough to
indicate whether the turbulent flame speeds tend to be independent
of the nature of the fuel at large values of T2 That is, the
curves for various fuels are predicted in reference 3 to converge
at higher Reynolds numbers; however they show no sign of converging
in the range of this investigation. It is concluded according to
the results of this investigation that neither of these theories is
properly applicable as proposed.

Nature of Variation of Turbulent-Flame Speed

The data of figure 7 obviously require more than one correla-
tion variable. The fuel, velocity, and burner diameter are one
possible set of parameters; the fuel, Reynolds number, and burner
diameter are a possible alternative choice. Reynolds number rather
than velocity is used herein because of the general use of Reynolds
number in the analysis of fluid behavior and because previous pro-
posed theories used it. In any case, the choice of variables with
which to correlate the data is arbitrary.

The general appearance of the data suggests ug/u, as a
possible variable to express the effect of the fuel.

A second trend is indicated by the fact that uy at any value

of Re 1s greater with larger tube diameter by a factor that varies
proportionally with up.

A third phenomenon is indicated by the curvature of the various
graphs, suggesting that wuy might vary as a power of Reynolds num-
ber different from 1, for given fuel and burner diameter.

The data of figure 7 are used to fix the manner of variation
of ug in the form

uy = Cu,? aP Re® (8)
where

u turbulent flame speed (cm/sec)

%) constant, empirically determined from data
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u, normal flame speed (cm/sec)
a burner diameter (cm)
Re burner Reynolds number based on mean alr speed and

burner diameter
8, bsic exponents, empirically determined from data

The exponent of the normal flame speed u, 1is chosen by inspection
as equal to 1.

The exponent of the diameter d 1s fixed by cross-plotting
the data of figure 7. The flame speeds u; taken from the curves

for the various tube sizes were compared for given Reynolds number
and fuel. The comparison is shown in graphical form in figure 9.
Relative flame speeds were compared for 11 different fuel-Reynolds-
number cholces with relative diameter for the 5/8-inch-diameter
tube. The log plot is seen to be fairly representable as a straight
line, though strictly spesking a slight curvature is noted through
the points. The line as shown has a slope equal to 0.26 so that
the exponent b of the burner diameter in equation (8) is

b = 0.26

The value of the exponent ¢ of Reynolds number in equation (8)
is found by meking log plots of the quantity

1 b ©
upd

as a function of the burner-tube Reynolds number Re. The data for

acetylene, ethylene, and propane are plotted separately in fig-
ures lO(aS, 10(b), and 10(c), respectively. The lines considered
by inspection to represent the data most accurately are indicated
on the curves. The three curves are shown on figure 10(d) with
the curve obtained by averaging the three. The correlation repre-
gented by the average curve is suitable as approximating all the
data. The scatter of experimental points is a little greater than
would be anticipated from the methods used.

The equation of the average curve (fig. 10(d)) is

_utb-?é = 0.18 Re0-24
unpd**
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or
My = G518 gl DARgR et (10)

Any uncertainty as to the exact relation among the chosen
variables might be removed by an extension of the experiments. It
is possible, however, that the same kind of experimental uncer-
tainty is to be anticipated in any study of turbulent flames.

The results here shown will suggest some approximate relations
for use in future extensions of the theory. Thus, approximately

uy @ uy
uy ® V/Z

The direct dependence of turbulent flame speed on laminar flame
speed 1s in agreement with reference Z.

Whether these tentative conclusions are valid as applied to
truly isotropic turbulence is an interesting problem for future
investigation.

SUMMARY OF RESULTS

From an investigation to determine the effect of Reynolds
number in the turbulent-flow range on flame speeds of Bunsen-
burner flames, the following results were obtalned:

1. A correlation of the flame speed in a Bunsen burner with

several variables has been empirically derived in the turbulent-
flow range at sea-level atmospheric conditioms in the form

e = 0.18 undo'z6 Re®+2% (cm/sec)
where

w, turbulent flame speed

u normael flame speed (transformation velocity), (cm/sec)

n
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a burner diameter, (cm)
Re Reynolds number based on mean mixture speed and 4

The experiments ranged from an Re of 3000 to 35,000, tube
diameters from 0.626 to 2.843 centimeters, and the fuels were
acetylene, ethylene, and propane. The fuel-air mixtures having
maximum u, were used.

2. The theories of Damkohler on the effect of large-scale
turbulence on the flame speed in a Bunsen-burner flame were veri-
fied as to the dependence on laminar flame speed, but were found
to be erroneous as to the dependence on Reynolds number.

3. The theory of Shelkin was not verified in that no tendency
was observed of turbulent flame speeds of different fuels to
approach each other at high flow rates.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, June 30, 1948.
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Figure 2. - Turbulent Bunsen-burner flame. Nominal diameter of burner, 3/8 inch;
ethylene gasg in air.
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Figure 7. - Variation of flame speed with Reynolds number of flow. (Normal flame speed u,
from reference 4.)
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Figure 8. - Representative distribution across tube of turbulent
intensity EQ/U (reference 9) and mixing length 1 (reference 6)
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Figure 10, = ut as a function of burner-tube Reynolds number. Turbulent
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Figure 10, - Continued.

Turbulent flasme speed
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(b) Ethylene in air.

u
_—“%755 as a function of burner-tube Reynolds number.

und

Uy, centimeters per second; normal flame speed up,

centimeters per second; diameter d, centimeters.
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Figure 10. - Continued. ;;§%T§§ as a function of burner-tube Reynolds number.

Turbulent flame speed uy, centimeters per second; normal flame speed Uy

centimeters per second; diameter d, centimeters,
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Figure 10. - Concluded. as a function of burner-tube Reynolds number.

Turbulent flame speed ug, centimeters per second; normal flame speed up,

centimsters per second; diameter 4, centimeters.






