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SUMMARY

Turbulent burning velocities for premixed propane flames were meas-
ured at room temperature and at atmospheric pressure. The turbulent-
burning-velocity measurements were made for systems of various laminar
burning velocities, densities, and viscosities. These properties were
varied by (1) replacing the nitrogen of the air with argon or helium,
and (2) varying the oxygen concentrations in the propane-oxygen-nitrogen
mixtures. HEach set of turbulent-burning-velocity data was taken in a
variety of burner sizes and over a velocity range.

The experimental data were correlated by a function of the form

U,
i Re?

Uy,

where UT and UL are turbulent and laminar burning velocities, respec-

tively, Re is Reynolds number, and the exponent a was different for
systems having various diluents (i.e., nitrogen, argon, and helium).

Measurements were made of the axial fluctuating-velocity component
of the turbulent stream issuing from the burner port. The intensity of
turbulence appeared to be dependent upon the nature of the diluent. Con-
sideration of the data in terms of the measured turbulence parameters was
a small over-all improvement. However, this change was in the direction
of better correlation.

SYMBOLS
The following symbols are used in this report:
D burner inside diameter, cm

h mean flame height, cm



OIE

NACA TN 3575

constant

burner length, cm

turbulence scale, cm

Reynolds number based on pipe diameter,’DU/U
"turbulence" Reynolds number, Du'/v

radius at base of mean flame surface, cm
area, sq cm

mean flame-surface area, sq cm
laminar flame-surface area, sq cm

equilibrium flame temperature, K
mean stream velocity in axial direction, cm/sec

laminar burning velocity, cm/sec
turbulent burning velocity, cm/sec
local mean velocity in axial direction, cm/sec

root mean square value of fluctuating velocity component in
axial direction, cm/sec

volumetric flow rate, cc/sec
mole fraction

mole fraction of oxygen, 02/02 + inert
eddy diffusivity, sq cm/sec
kinematic viscosity, sq cm/sec

equivalence ratio
density, g/cc

absolute viscosity, g/(sec)(cm)
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Subscripts:

3 jth speciles

mix "of the mixture"

J a particular mixture
Superscript:

a empirically determined exponent

INTRODUCTION

The requirements of jet-aircraft engines have indicated an ever in-
creasing need for understanding the mechanism governing the high volumetric
heat-release rates of a fuel-air mixture. Research in turbulent combustion
has been directed to this general end. The specific object of the work
presented in this report was to investigate the burning velocities of pre-
mixed open propane turbulent flames and to study the effect of turbulence
and turbulent-flow parameters on a variety of these flames.

A flame stabilized in a laminar stream at the port of an open burner
exhibits a clearly defined combustion zone; the volumetric flow of the un-
burned mixture divided by the surface area of the combustion zone is de-
fined as the laminar burning velocity. The maximum value of the laminar
burning velocity is a physical property of the system and as such charsc-
terizes the system. Application of a similar characterization to turbu-
lent flames is desirable. However, a flame situated in a turbulent stream
apparently has a rapidly fluctuating combustion zone, which shows no sharp
separation from either the burned or the unburned gas, and the flame-
surface area has not yet been directly measured. Therefore, the criterion
applied to the laminar case cannot be applied to the turbulent case. The
analog of the laminar burning velocity, as applied to the turbulent case,
was given by Bollinger and Williams in reference 1 wherein the flame sur-
face area is replaced by the area of a surface that defines the position
of meximum luminous intensity of the flame brush. Considerable effort has
been made to describe the relation between such a turbulent burning veloc-
ity and the aerodynamics of the flow system (refs. 2 to 5). Theories de-
veloped from this physical picture must be evaluated in terms of varisables
that are difficult to measure and cannot be reliably calculated at this
time. It is for this reason that the present work is primarily an empiri-
cal treatment.

Measurements were made to determine the effect of laminar burning
velocity, burner diameter, mean stream velocity, and kinematic viscosity
of the unburned gas on the turbulent burning velocity. Laminar burning
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velocities were varied by (l) increasing the oxygen concentration of the
propane-air flames, and (2) replacing the nitrogen of the air by argon or
helium. Viscosities and densities were also changed by replacement of
the inert component.

Hot-wire-anemometer measurements indicate that the longitudinal com-
ponent of the fluctuating velocity changes upon substitution of argon or
helium for the nitrogen, so that a further consequence of the substitu-
tion is to alter the turbulent intensity of the cold flow. Laminar burn-
ing velocities were varied from 35.5 to 124 centimeters per second. Meas-
urements up to a maximum Reynolds number of 26,000 were made in five
burners with diameters ranging from 0.639 to 1.830 centimeters.

BASIC CONSIDERATIONS
Turbulent Burning Velocity

The laminar burning velocity of a flame seated at the port of an open
burner is given by

v
U - 1)
L SL

The analogous quantity for turbulent flames has been defined in reference
1l as

v
av

This definition is required since no direct measurement of the surface
area of a turbulent combustion wave is known at this time. The physical
significance of such a definition is rooted in the concept of an extended,
oscillating flame surface. In a direct photograph of a turbulent flame,
where the time of exposure is long compared with the average time of fluc-
tuation, the inner and outer envelopes of the flame brush are rather clear-
ly defined (see fig. 1). The photographic density on such a photograph

is a maximum at the position where the flame spends the longest time. In
practice, this maximum appears about halfway between the iunner and outer
boundary of the brush. The position of the maximum is schematically shown
in figure 2. The area of the surface through this position of maximum
intensity is the Sav in equation (2). This surface will be referred to

as the "mean flame surface."

Wohl and Shore (ref. 6) have probed turbulent butane-air flames in
order to determine the region where the oxygen is being consumed at the
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maximum rate. They find that this region coincides with the region of
maximum luminosity. These experiments suggest that the mean flame sur-
face of a turbulent flame is the significant property to be used in tur-
bulent burning-velocity determination.

Flow Considerations

To effect a variation in Reynolds number for pipe induced turbulence,
the characteristic dimension of the pipe, linear velocity, and kinematic
viscosity of the fluid must be changed. These changes were made by util-
izing burners of different diameter, controlling the total flow rate, and
replacing the nitrogen of the air with either argon or helium. These
variables could be controlled either singly or in combinations.

The minimum requirements for assurance of fully developed turbulence
in a pipe are not predictable (ref. 7). It is known, however, that inlet
conditions of the fluid, roughness of the inside of the pipe wall, and the
length-to-diameter ratio L/D of the pipe are important. It is to be
expected, then, that published attempts to specify minimum L/D for -fully
developed turbulence are inconsistent. This is found to be the case.
Previous work (refs. 7 to 9) indicates that the minimum allowable L/D
is about 50. For the present work, all pipes were chosen so that the
L/D was greater than 50 and the onset of turbulence was indicated at a
Reynolds number of 2100 for the cold flow.

Laminar Burning Velocities

Substitution of either argon or helium for the nitrogen in the
propane-air system will be manifested as a change in the laminar burning
velocity (ref. 10). Also, the difference in heat capacity between nitro-
gen and the inert gases results in a flame temperature which is about
300° C higher for these gases. Laminar burning velocity may also be in-
creased by increasing the oxygen content of the unburned mixture. The
oxygen content was increased to change the burning velocity without ap-
preciably affecting the viscosity or density of the approach stream flow.

EXPERIMENTAL DETATILS
General Description of Apparatus

The apparatus used in this investigation was a bench-scale flow sys-
tem of conventional design similar to that described in reference LR

Air, propane, oxygen, helium, and argon were individually metered by means

of calibrated critical-flow orifices to give desired mixture compositions
and flow rates. The piping distance from the orifices to the burner was
sufficient to ensure thorough mixing. Dynamic variables were controlled
by appropriate choice of total flow rate, burner size, and mixture

composition.
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After mixing, the gases were passed through the burner and ignited
at the port. In order to stabilize the turbulent flames, some of the
combustible mixture was diverted to an annular pilot. The pilot flame
was adjusted for the minimum flow necessary to prevent flame blow-off.

To exclude anomalous temperature effects due to the heating of the burner
lip by the flame, the upper part of the burner and the burner lip were
water cooled. The details of the burner construction are shown in figure
3.

The temperatures of the inflammable mixtures and of the coolant were
measured by thermocouples embedded in the apparatus at appropriate posi-
tions. The measured temperatures were counstant for all the experiments.
All measurements were made at normal room temperature and at atmospheric
pressure.

Burners

In order to best assure fully developed pipe turbulence, burners with

a L/D greater than 50 were used. The fact that no flames were laminar
at Re = 2100 was taken as an indication that the L/D chosen was satis-
factory. The dimensions of the burners used are given in the following
list:

Burner inside Length-~diameter
diameter, ratio,
cm L/D
0:639 140
I (ORUS 135
SSINS 110
1.459 95
1HE90 75
Materials

Gases. - Except for the use of service air, all gases were bottled
and the manufacturer's stated purity was 99 percent or better. The gases
were piped directly from either the tanks or from the building service-
alr supply to the critical-flow orifices and used without further treat-
ment.

Composition of inflammable mixtures. - The chemical compositions of
the combustible mixtures were kept constant across any one set of experi-
ments. That is, for mixtures of propane, oxygen, nitrogen; propane,
oxygen, helium; and propane, oxygen, argon, the fuel concentration was
kept constant at 105 percent of stoichiometric, and the oxygen-to-total-
noncombustible fraction was maintained at the normal atmospheric value

3786
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of @ = 0.209. The oxygen-enriched mixtures were measured at 100 percent
of the fuel-oxidant equivalence value, and the oxygen-to-total-
noncombustible fractions were a = 0.27 and a = 0.33.

DETERMINATION OF Ug/Ur,

Measurement of Turbulent Burning Velocity

Measurement of mean flame-surface area. - Bollinger and Williams
(ref. 1) used a mean flame surface based on a visual estimate of the posi-
tion of maximum intensity. More recent workers (refs. 4 and 12) have used
the densitometer or ion-gap-probe method to locate the region from which
the mean flame-surface area may be measured. Both Clark and Bittker (ref.
12) and this author have compared the results of mean flame-area measure-
ment as determined by both the densitometer and visual estimate method.
The results are the same within the limits of experiment. The absolute
magnitude of the differences average less than 5 percent. Bollinger and
Williams (ref. 1) determined the mean area of their flames on the assump-
tion that the shape of the flame was closely approximated by a right cir-
cular cone. However, the shape of many turbulent flames, especially of
short flames, does not approximate that of a cone. Consequently, a method
of area calculation was sought that would be more generally applicable
than the Bollinger and Williams method.

Photographs of turbulent flames (figs. 1(a) and (b)) showed that the
average flame-surface area could be described analytically for the major-
ity of the experiments as a paraboloid of revolution. The area for such
a surface is given by

1/z 3/2 3/2
2@ w2 - @) g

Equation (3) may be simplified; for the case where r2/2h is small com-
pared with 2h, this equation reduces to

= =1l (3a)

In practice, it is found that the approximate equation is good for all
flames where h = 2r; and in the limiting case where h = 2r, the dif-
ference in areas calculated by equations (3) and (3a) is about 2 percent.
For flames where h is smaller than 2r, equation (3) must be used. The
average difference between areas calculated by equation (3a) and areas
measured by numerical integration over the surfaces determined by the
densitometer and by visual estimation was about +4 percent. Since the
reproducibility for either type measurement is not better than X3 percent,
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the agreement is satisfactory. It must be noted that this method breaks
down when very short or irregularly shaped flames are considered. For
these cases, one must revert to the most direct method possible. For
flames which could not be handled analytically, such as the oxygen-
enriched propane-air flames, the numerical integration method was used.

Calculsation of turbulent burning velocity. - Direct photographs were
made of turbulent flames. Mean flame-surface areas were measured from
the negatives, as has been described in the section BASTC CONSIDERATIONS.
From the known values of the inlet conditions to the pipe, the volumetric
flow rates were calculated. The turbulent burning velocity was then de-
termined by the relation (eq. (2))

V
U = 5
T Sav

Analysis of combustion products. - In order to use the turbulent
burning velocity in the computation of a quantity such as heat-release
rate, the degree of completion of the combustion reaction must be known.
Tt is for this reason that the degree of completion of the combustion
reaction has been a matter of some interest (ref. 13). To clarify this
point with respect to the experiments carried out in the present work,
stoichiometric propane-air flames with Re = 10,000 were sampled at the
apex of the outer envelope of the turbulent flame brush. The combustion
products were then analyzed by means of a gravimetric combustion-train-
type apparatus. The analysis was compared with the calculated equilibrium
values of the reaction products, assuming equilibrium flame temperature.
The following table is a comparison of a set of typical results with the
calculated values.

Reaction | Analyzed, | Calculated,
product percent percent
N, aes 2%
COs 10.0 10.0
co 1.0 1.5
0, Il .6
H0 St 151
H, 5 &
CzHg ' .01 .0

From this table it may be seen that, in the cases considered, the combus-
tion reaction apparently goes to completion. However, as is pointed out
in reference 13, it should not be concluded that this is always the case.

3786
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Measurement of Laminar Burning Velocity

For the best self-consistency in the data, laminar burning velocities
for the propane-oxygen-nitrogen, propane-oxygen-helium, and propane-
oxygen-argon systems were measured in the apparatus.

Laminar burning velocities were determined by the total-area method
from direct photographs. The measured values were then plotted as a
function of equivalence ratio (fig. 4), and the maximum value of the burn-
ing velocity was then read from the curve. The maximum value of the burn-
ing velocity is the gquantity which is referred to in this report as the
"normal" or "laminar" burning velocity.

For the oxygen enriched mixtures, the work of reference 11 on the
effect of oxygen concentration on propane-air burning velocities was uti-
lized. On the basis of these results, sufficient oxygen was added to the
propane-air mixture to increase the burning velocity by factors of two and
three, respectively. The burning velocities and flame temperatures are
shown in the following table:

Composition Mole Laminar Calculated
fraction burning equilibrium
of oxygen, | velocity, | flame

o Ui(max)’ tempe§ature,
cm/sec %
/ 4
Propane, nitrogen, oxygen (0], 7k 55/a O 2281
Propane, nitrogen, oxygen sl oG 25205
Propane, nitrogen, oxygen 233 106.5 2655
Propane, oxygen, helium Sels 124 2574
Propane, oxygen, argon Sral 7249 2574

8Ref. 11 by interpolation.

DETERMINATION OF REYNOLDS NUMBER
Pipe Reynolds Number

In order to use Reynolds number as a meaningful parameter, the con-
dition of dynamic similarity must be fulfilled. This is accomplished for

systems with fully developed pipe turbulence.

Fully developed pipe turbulence is not predictable from the geometry
and flow velocities of & system (ref. 7). Indirect evidence that the flow
pattern was fully developed in the present experiments is (1) the con-
struction of the apparatus regulted in turbulent entry conditions, (2) the
length-diameter ratio of all pipes was greater than 50, and (3) measured
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turbulent intensities were independent of stream velocity. In practice,

the Reynolds number was changed by varying the velocity, the pipe diameter, 7
and the kinematic viscosity.

!

|

|

Calculation of kinematic viscosity. - Kinematic viscosities used to ;
calculate Reynolds numbers for the gas mixtures were obtained from the i
relation !
|

Ymix = %? LERS (4)

For gaseous mixtures, application of such a relation is generally an in-
exact approximation (ref. 14). However, calculated values from equation
(4) when compared with values calculated by more exact methods (ref. 14)
indicated that the maximum error would be of the order of 5 percent.

Turbulence Reynolds Number

The Reymnolds number may be computed in a variety of ways, depending
on what are chosen as characteristic dimensions and velocities. Inasmuch k
as the turbulence in the stream is pertinent to this investigation, it is
desirable to consider the experimental data in terms of the parameters
which characterize the turbulence. These parameters are the intensity
and the scale of the turbulence. The scale may be taken as being direct-
ly proportional to the pipe diameter (refs. 8 and 9). The component of
intensity along the axis of the tube was measured by means of a constant-
temperature, hot-wire anemometer. The percentage intensity, as measured,
differed with the composition of the gas stream for similar flow condi-
tions. The intensity is defined as

4P

L (5)

Calculation of the relation between the local mean velocity in the axial
direction and the mean stream velocity (ref. 15) shows that

% = Constant (6)

for all the compositions considered. This means that an appropriate ve-
locity to use in calculating a Reynolds number based on the nature of the

e L/ 2
turbulence is u' = (u)’ ", which may be determined from

b0 = of 7 4
where k takes on different values, depending on the mixture composition. s

When the pipe diameter is taken as a measure of the scale 1 the Reynolds
number of turbulence becomes
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u!l  k,UD
Re! = —— = —d— (8)
J Uj Uj

The similarity of this parameter to that suggested by Damkohler (ref.
2) will be discussed later.

Turbulence intensity measurements. - To determine the effect of the
composition change on the nature of the turbulent stream issuing from the
burner port, the intensity of the axial component of the fluctuating ve-
locity was measured. The intensity is defined as the ratio of the root
mean square value of the fluctuating velocity component divided by the
local mean stream velocity at the point of measurement. The use of the
constant-temperature, hot-wire anemometer for this type of measurement
has already been described (ref. 16). All measurements were made at the
axis of the tube with the hot wire at zero distance from the port. No
corrections were made for wire length. Inasmuch as intensity measure-
ments of this type have been made for air as a function of flow velocity
and distance from the burner mouth (ref. 15), the information sought for
this work consisted of the relative values of the axial fluctuating ve-
locity component for mixtures containing nitrogen, argon, or helium with
comparable amounts of oxygen. The oxygen concentration was the sawme as
that in the atmosphere. Measurements were made for comparable flow con-
ditions, that is, similar velocities and similar Reynolds numbers. The
apparent constancy of the percentage intensity with flow rate was taken
as an indication that fully developed pipe turbulence had been attained.
The neasured values of the intensity were as follows:

Composition Intensity
Nitrogen, oxygen 0.041
Helium, oxygen .020
Argon, oxygen .049

RESULTS

Experimental Results

Turbulent burning velocities were measured over the range permitted
by the particular mixture and capacity of the apparatus in as wide a
variety of burners as possible. The Reynolds number for cold flow was
varied from the onset of pipe turbulence (about 2100) to meximum values
of 6000 for propane, oxygen, helium; 26,000 for propane, oXygen, argon;
and 20,000 for propane, oxygen, nitrogen. The data are reproduced in
table 1.
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Behavior of the burning-velocity ratio as a function of pipe Rey-
nolds number is shown in figure 5. The general trends for each of the
systems is the same in that an increase in Reynolds number is attended
by an increase in burning-velocity ratio. However, the dependence on
Reynolds number of the burning-velocity ratio differs, depending on the
composition of the mixture. This is shown in figures 5 and 6. Figure
5(a) shows the data for the propane-oxygen-nitrogen system and the line

" of least squares which best fits the data. Figures 5(b) and (c) are

similar plots for the propane-oxygen-argon and propane-oxygen-helium sys-
tems, respectively. The dashed lines on figure 5 are the predictions
made from the Bollinger and Williams (ref. 1) correlation compared with
the measured turbulent burning velocities. Figure 6 is a comparison of
the least-squares treatment showing the difference in Reynolds number
dependence for the systems with various diluents.

Figure 7 shows the dependence of the ratio of turbulent to laminar
burning velocity UT/Ut on the Reynolds number that is calculated from

the results of the turbulence intensity measurements. The symbol Re'
is referred to as the "turbulence Reynolds number" in order to distin-
guish this parameter from the Reynolds number calculated from the mean
stream velocity.

Comparison with Previous Work

Bollinger and Williams (ref. 1) presented a correlation of the form

= 0.18 Reo.24 dO.ZG (9)

SRR

based on measurements made with acetylene-, ethylene-, and propane-air
flames. It 1s of interest to test the generality of such a correlation,
since the Reynolds number variation involved only small changes in density
and viscosity, whereas in the present work, all four of the variables from
which the Reynolds number is computed have been varied.

The experimental data are compared with the predictions made from the
correlation of Bollinger and Williesms (ref. 1) in figure 5. The dashed
lines of figure 5 represent the analytical plot of equation (9); there is
a separate line for each burner size. The dependence of the burning ve-
locity on the Reynolds number is predicted very well, in general. How-
ever, the predicted burning-velocity-ratio dependence on the burner diam-
eter is not observed for any of the systems.

3786
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DISCUSSION OF RESULTS

It is felt that for the best practical application, the data should
be treated in the simplest possible manner. Inasmuch as present day
theories appear to be based on an inadequate model of turbulent combus-
tion, an evaluation of the data in terms of theory would be unreliable
at this time. For these reasons the empirical approach was used. The
data indicated a correlation between burning-velocity ratio.and Reynolds
number.

From figure 5, the turbulent burning-velocity dependences on pipe
Reynolds number are

For propane, oxygen, nitrogen:
= @ Re"" (10a)

For propane, oxygen, argon:

U
L o pe0-44 (10b)

For propane, oxygen, helium:

_ZL i ge0-20 (10c)
L

A Reynolds number may also be computed from the measurements on in-
tensity. Such a parameter has been defined in equation (8) as

1

17

Rej = gi— - kj Re (pipe)
J

This parameter is the same as that used by Damkohler (ref. 2) in the de-
velopment of his theory of turbulent combustion, except that he denoted
the product u'l by e. This definition is subject to some discussion.
First the reason for even considering the nature of the turbulence is

that the turbulence is thought to have a definite effect on the propaga-
tion rates of the flames. However, the nature of the turbulence within
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the flame itself is to all intents and purposes unknown experimentally.
Therefore, any treatment involving turbulence parameters must be an ap-
proximation, and the quality of such approximations will be indeterminate
until more is known about the interaction between a turbulent field and
a combustion wave. The second gualification is that while there is con-
siderable known about the turbulent field within a circular pipe, the
field at the exit of a pipe is in the process of change and the values

of the scale and intensity are changing in a manner which has not yet
been generally described. Since the combustion experiments have been
conducted at the exit of the pipe, where conditions are different from
point to point, the one approximation to be made is to compare values

of the scale and the intensity at a given point. The values of u' wused
to calculate Re' were measured at zero distance from the exit; burner
diameters were used as the measure of the scale since the scale should
not be affected by the composition.

3786

Figure 7 shows the least-squares lines of figure 6 plotted as
UT/UL against Re'. The value of Re' was calculated from the follow-

ing equations:
For propane, oxygen, nitrogen:

Re'! = 9_%_1__@ (lla)

For propane, oxygen, argon:

pet - 0:049 UD

Il

(11v)

For propane, oxygen, helium:

0.020 UD

e (11c)

The spread of the correlation plots is somewhat less than when the cold-
flow Reynolds number is used although the slopes are unaffected. Also,
while these considerations do not correlate all the data, the trend is
toward better agreement and this, in turn, argues for the desirability
of using measurements on the turbulent field in the treatment of turbu-
lent burning-velocity work.

Statistical considerations. - In order to complement the treatment
of the results, it was felt that statistical measures of the significance .
of the data should be computed. :
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The first point of importance is determination of whether the group-
ing of the data according to the inert diluent (nitrogen, helium, or ar-
gon) is correct. That is, should the data have been grouped into more
than or less than three classes? This decision can be made by examining
the slopes of the lines of the logarithmic plot in terms of the statisti-
cal "t" test of significance (ref. 17). Given two groups of date to
which the method of least squares has been applied, the "t" tests will
yield the probability that a difference in slope best expresses the trend
of the data. The test shows that, for the data presented in this report,
(1) the probability is 99 percent that the least-square line for the ni-
trogen data should have a different slope from that for the argon datsa;
(2) the probability is 99 percent that the argon data should have a dif-
ferent slope from that for the helium data; and (3) the probability is
90 percent that the helium data should have a different slope from that
for the nitrogen data. Thus, it appears quite probable that at least
three groupings of the data are realistic. Should more than three group-
ings have been used? Careful examination showed that the nitrogen data
had the largest spread, and, therefore, these data were broken up into
two groups, that in which o = 0.209 and that in which o > 0.209.
Analysis showed that the probability that these data should be expressed
as two lines of different slope was 40 percent. This case is not as
clearly defined as the previous cases, however, since the weighting is
60 to 40 percent for considering all these data together, this was done.

The second point of importance is to determine how much better than
Re 1s Re' with respect to an over-all correlation. The proper measure
of significance here is the standard error of estimate. This describes
how closely the data points would cluster about a single line. The re-
sult of the examination showed that the standard error of estimate on
the Re' basis was one-half of the value obtained on the Re Dbasis.
In other words, when all the data are considered, Re' 1is twice as good
as Re for a correlation with burning-velocity ratio.

Remarks on theory. - Theories of turbulent burning velocity general-
ly predict that the burning-velocity ratio will increase with an increase
in intensity. This trend is borne out in this report, but only for sys-
tems of a given diluent. The measurements of the turbulence allow some
speculation about the generality of these theoretical observations in-
asmuch as it is possible, from the data, to compare burning velocities
of different mixture compositions at similar values of the scale and in-
tensity. When this comparison is made, different values of the turbulent
burning-velocity ratio are found. For these cases, there seems to be no
apparent relation between turbulent burning-velocity ratio and the in-
tensity of the turbulence as measured in this work.
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SUMMARY OF RESULTS

The investigation of turbulent burning velocity for premixed propane
flames may be summarized as follows:

1. For a system of a given diluent at atmospheric pressure and room
temperature, the turbulent-to-laminar-burning-velocity ratio is corre-
lated by the Reynolds number.

2. The dependence of the burning-velocity ratio on pipe Reynolds num-
ber is different for systems of different diluents.

3786

3. The data are correlated better by considering a Reynolds number
based on the intensity of the turbulence at the exit of the burner. This
suggests that it is desirable to correlate turbulent burning-velocity
data with turbulent-field characterization parameters.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, August 31, 1955
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TABLE I. - BURNING VELOCITY DATA FOR VARIOUS MIXTURES OF GASES

(a) Propane, oxygen, nitrogen

Burner Equivalence |Oxygen mole|Mean stream|Reynolds|Laminar |Burning
diameter, |ratio, fraction, velocity, number, |burning |velocity
D, ¢ @ U, Re velocity,|ratio,
cm cm/sec Ur, UT/UL
cm/sec

1.890 L0 0209 239 3,015 5555 550
315 35,985 1.46

397 5,016 555

478 6,043 1562

569 7,186 1567

661 8,337 18569

742 9,353 178

824 10,383 1.80

Y 840 10,586 12985
1S 595 25168 1hodba
434 3,061 1.18

471 3,324 12520

518 3,654 1L 0

555 35,9218 1L

603 4,258 1.31

650 4,589 1ot

706 4,980 1.38

745 5,208 1.47

792 5,891 1.54

838 95922 1.56

886 6,257 1.58

935 6,588 1.60

983 6,910 1L (EL

886 6,257 1,58

793 5,596 1.54

707 4,990 1.46

604 4,266 A&

Y Y Y 557 3,937 Y 1.38

3786
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TABLE I. - Continued. BURNING VELOCITY DATA FOR VARIOUS MIXTURES OF GASES

(a) Continued. Propane, oxygen, nitrogen

‘K"ll* R e T e S o G s S Y e e R T e S s =

ac

B S L L e o

Burner Equivalence |Oxygen mole [Mean stream|Reynolds|Leminar |Burning
diameter, |ratio, fraction, velocity, number, |burning |velocity
D, @ @ U, Re |velocity, |ratio,
cm cm/sec Up, UT/UL
cm/sec
1.016 1.05 0. 209 797 5 LS 3555 1.24
1078 Flsnlls Al
1379 9,365 1.33 |
1670 11,342 Je 5
1986 13,479 ST
2165 14,703 1.86
2458 16,682 1.86
2751 18,135 2.00
Y 2894 195720 2.14
2659 133 25951 A2
809 3,264 11
894 3,605 1219
979 3,944 iy
1038 4,182 27
1094 4,411 1.24
5T 4,664 WeEs
1247 5,02 T 5]
1307 Sl S 1558
15589 55605 1.44
1477 55855 5l
1563 6,301 I 6E
1648 6,644 1.55
1757 7,003 1.49
822, 7,341 1.58
alzh it 75699 1Lyt
Y Y Y 1996 8,042 Y 1.68
1.890 1.00 051270 965 SIz AL 2Ll
868 8,781 1L
610 7,808 L5
530 6,784 1559
450 5,760 1.58
1.459 1.00 Y 630 6,224 1.45
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TABLE I. - Continued. BURNING VELOCITY DATA FOR VARIOUS MIXTURES OF GASES
(a) Concluded. Propane, oxygen, nitrogen.
Burner Equivalence |Oxygen mole [Mean stream|Reynolds |Laminar Burning
diameter, [ratio, fraction, velocity, number, (burning | velocity
Dy ® @ 1) Re velocity,| ratio,
cm cm/sec Uz, UT/UL
cm/sec
1.459 1Lo(0) @210 755 7,459 1.0 1.54
890 BNT9S ik (St
1024 10,117 10 740)
52 LS8 2 ees
1.016 1L5{000 83950 1.42
1560 HOMSE 1.54
1837 12,639 a6l
2114 14,544 1269
2378 16,361 Jb5 710)
2653 18,252 1583
Y \ Y
1.459 ~&1610) 836 8,259 106.5 19568
l 984 9,722 LT
Fi55 e 1.84
1178 115658 ikl
S OLB 1725 11,868 LBl
2031 135975 1.64
2342 105 LI 1.80
2644 18,190 1.86
Y Y 2849 19,600 Y 105

3786

|| — il sl 1 T S I e e N e s e B SR S Sn st S el B eoiinn we e enedie SN Sal B - Y SRR




9BLS

NACA TN 3575 2il:
TABLE I. - Continued. BURNING VELOCITY DATA FOR VARIOUS MIXTURES OF GASES
(b) Propane, oxygen, argon
Burner Equivalence|Oxygen mole |Mean stream |Reynolds |Laminar [Burning
diameter,|ratio, fraction, velocity, number, |burning |velocity
1] ® a u, Re velocity,|ratio,
cm cm/sec Ur» UT/UL
cm/sec
1:89 1.05 0.209 438 5,693 12.5 1.63
544 7,075 1.69
647 8,426 o 7
755 9,833 1..85
860 11,190 1.95
966 12,577 205
Y 1041 13,552 2.12
1.119 S 298 1509
444 I 109
508 4,030 1.06
575 4,561 .18
631 5,012 122
699 5,553 1L s
755 5082 LB
* 821 6,518 1.42
/
1.016 657 4,600 126
989 6,923 128
1527 10,670 WIS
1896 13,249 2.06
2256 15,764 A
2635 18,438 2.35
3005 2,012 2.24
\ 3378 23,5631 2.42
Y Y / 3701 25,897 Y 2.48
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TABLE I. - Concluded. BURNING VELOCITY DATA FOR VARIOUS MIXTURES OF GASES
(¢) Propane, oxygen, helium
Burner Equivalence|Oxygen mole [Mean stream|Reynolds |Laminar |Burning

diameter, |ratio, fraction, velocity, number, |burning |velocity

B3 Q 105, Re velocity,|ratio,

cm cm/sec U, UT/UL

cm/sec

016 1505 0.209 2046 2090 124.0 1.08

2959 2410 Aoy JLIL

2755 2800 1205

S152 3190 1508

3520 3590 S

3894 3960 .0z

4030 4110 1001S

4223 4300 1.14

4350 4440 eSS

4550 4640 1L 147

4604 4700 120

5000 5090 1L AL

5290 5590 20

5600 SilG e 2n

5940 6050 1.22

Y 6070 6180 g

2659 2830 1839 .86

3100 2007 293

3429 2236 1:00

3691 2402 1.04

4012 2614 1505

4318 2808 299

4643 3019 1.02

4902 3189 1202z

5186 3374 1.06

Y Y Y 5457 3553 Y 1.05

AR T e R T T e e T A e T

3786



Components
Reynolds number
Linear velocity, cm/sec

C4Hgs air GaBy M0 C.Hy, He, O
4150 37753 2595
611 537 2525

(a) At similar Reynolds numbers.

Figure 1. - Relative appearance of turbulent flames. Burner diameter, 1.016 centimeters;
mole fraction of oxygen, 0.21; equivalence ratio, 1.05.
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C-38948
Components CSHS’ A, 02 CSHE' air CSHB’ He, O,
Linear velocity, cm/sec  pzog 2450 2307
Reynolds number 165319 16,300 2368

(b) At similar velocities.

Figure 1. -~ Concluded. Relative appearance of turbulent flames. Burner diameter, 1.016 centimeters;
mole fraction of oxygen, 0.21; equivalence ratio, 1.0S.
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Combusti

nixture

Figure 3. - Detail of burner showing piloting arrangement,

cooling system, and burner exit.
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Ratio of turbulent to laminar burning velocity, Up/Ur
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Figure 5. - Continued.

Cold-flow Reynolds number, Re

(b) Propane, oxygen, argon.

Effect of Reynolds number on turbulent burning velocity for various mixtures
and comparison with predicted correlation of reference 1.
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Figure 7. - Turbulent burning velocity as a function of turbulence Reynolds number.
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