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Laminar Burning Velocities and Markstein Numbers of
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Effects of positive flame stretch on the laminar burning velocities of hydrocarbon /air mixtures were studied
experimentally using outwardly propagating spherical flames. The test conditions included propane, methane,
cthane, and ethylene—air flames at various fuel-equivalence ratios and normal temperature and pressure.
Karlovitz numbers generally were less than 0.3 so that the flames were remote from quenching conditions.
Within this range, the ratio of the unstretched (plane flames) to stretched laminar burning velocities varied
linearly with Karlovitz numbers, yielding Markstein numbers that were independent of Karlovitz numbers for
a particular reactant mixture. In addition, Markstein numbers varied in a roughly linear manner with
fuel-equivalence ratios over the range of the measurements, which were somewhat removed from flammability
limits where behavior might differ. Effects of stretch were substantial: Markstein numbers varied from —2.5
to 7.2, yielding corresponding laminar burning velocity variations of 0.4-2.7 times the value for an
unstretched (plane) flame over the test range. The ranges of fuel-equivalence ratios for unstable
preferential-diffusion conditions (negative Markstein numbers) were as follows: propane, greater than 1.44;
methane, less than 0.74; ethane, greater than 1.68; and ethylene, greater than 1.95. Fuel-equivalence ratios
for maximum flame temperatures and laminar burning velocities are near unity for the present flames;
therefore, neutral preferential-diffusion conditions are shifted toward fuel-equivalence ratios on the unstable
side of unity, in qualitative agreement with recent approximate theories treating the effects of stretch on

laminar premixed flames.

NOMENCLATURE

D mass diffusivity

K flame stretch

Ka Karlovitz number, K D, /S Lz

L Markstein length, Eq. 1

Ma Markstein number, L /8§,

Iy flame radius

S sensitivity of Ma to ¢, Eq. 10

S, laminar burning velocity based on
unburned gas properties

1 value of §; at largest radius ob-

served

t time

ép characteristic flame thickness,
Du/SL

A(drg/dt) velocity difference between cold

and hot flame boundaries
difference of §, found relative to
the velocities of the cold and hot
flame boundaries
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p density

¢ fuel-equivalence ratio

@, ¢ at neutral stability condition

Subscripts

b burned gas properties

max maximum observed value

u unburned gas properties

© asymptotic condition for an un-
stretched (plane) flame

INTRODUCTION

Recent measurements have shown that effects
of flame stretch on laminar burning velocities
significantly affect the properties of strongly
turbulent premixed flames in the thin-flamelet
regime, and suggest that these effects are im-
portant for most practical premixed turbulent
flames [1]. The mechanism responsible for this
behavior involves interactions between the
preferential-diffusion of various species and
heat, and the distortion of the flame surface by
turbulence; this causes turbulent distortion of
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the flame surface to be either retarded or
enhanced for stable or unstable preferential-
diffusion conditions, respectively. Thus, recent
experimental evaluations of numerical simula-
tions of turbulent premixed flames have been
limited to neutral preferential-diffusion condi-
tions, where laminar burning velocities are in-
dependent of stretch, so that this complication
can be avoided [2, 3]. In order to provide
information needed to move beyond the singu-
lar neutral preferential-diffusion condition, the
objective of the present investigation was to
experimentally study the effects of stretch on
propane, methane, ethane, and ethylene/air
flames. The approach involved observations of
outwardly propagating spherical laminar flames
using methods recently developed during a
study of H,/0,/N, flames [4]. The work also
involved reanalysis of existing measurements
of flame radius as a function of time for the
same flame configuration and fuels [5-9], for
comparison with the present results.

Freely propagating flames involve effects of
finite flame thickness, curvature, and unsteadi-
ness that must be considered in order to prop-
erly define laminar burning velocities and flame
stretch. These difficulties will be discussed
later; however, they will be ignored for the
present in order to introduce concepts used
during this study in a relatively simple manner.
This implies limiting considerations to thin
flames, having a large radius of curvature, with
slowly varying flame stretch so that effects of
curvature and unsteadiness can be neglected.
For these conditions, the relationship between
the laminar burning velocity and flame stretch
is normally written according to an early pro-
posal of Markstein [10] as follows [7-16]:

S, =85,. — LK, @)

where S, is the rate of propagation of the
flame relative to the unburned gas, and §, ., is
the value of S, for an unstretched (plane)
flame (K = 0). The coefficient L is a measure
of the response of the flame to stretch, called
the Markstein length [11]. Naturally, it is an
important issue to gain an understanding of
the factors that can influence the value of the
Markstein length, for example, effects of the
properties of the reactant mixture, effects of

the flame stretch itself (analogous to effects of
driving potentials on transport coefficients),
and effects of the flame configuration (steady
or unsteady, adiabatic or quenched by radia-
tion or surfaces, etc.), among others. Kwon et
al. [4] make the assumption (or local conditions
hypothesis) that the Markstein length is pro-
portional to the local characteristic flame
thickness, §,,, because both are representative
of the scale of distances over which the diffu-
sion of mass and heat occurs in flames. Thus, a
dimensionless Markstein number, is defined as
follows:

Ma = L/8, )

The corresponding dimensionless parameter to
describe flame stretch was taken to be the
Karlovitz number, also based on local flame
conditions [4], which is the ratio of the local
characteristic flame residence time, 6,/S, , and
the characteristic flame stretch time, K™ ', or
[15, 16]:

Ka = K6,/S, . (3)

Then substituting Eqs. 2 and 3 into Eq. 1, and
rearranging, yields the following dimensionless
relationship between the laminar burning ve-
locity and stretch:

S,./S, =1+ MaKa. (4)

Finally, the definitions of Ma and Ka in Egs.
2-4 are completed by specifying the character-
istic flame thickness. This choice is somewhat
arbitrary because the thickness can be based
on relative velocities at various points and any
one of several mass diffusivities of the reactant
species or the thermal diffusivity [11], all of
which vary significantly within the flame. How-
ever, a convenient choice for reducing experi-
mental data and for scaling purposes is to base
8, on the laminar burning velocity and the
mass diffusivity of the fuel in the unburned
gas, as follows [4]:

8, =D,/S,. (5)

Most practical flame systems are highly diluted
(e.g., combustion in air) so that D, can be
taken as the binary diffusivity of the fuel with
respect to the diluent in order to approximate
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its diffusion properties in the reactant mixture
with little error [4]-—a practice that will be
adopted in the following.

The main issues with respect to fundamental
laminar burning velocities, effects of stretch on
laminar burning velocities, and numerical sim-
ulations of turbulent flames, are the values of
S, and Ma, and how Ma varies with the
factors enumerated earlier [1-4]. Experiments
to determine these properties have been based
on outwardly propagating spherical flames,
steady flames in stagnation flows and buoyant
jet flames [4-27]. Strehlow and Savage [17],
however, point out the advantages of out-
wardly propagating spherical flames because
both §, and Ka can be found in a simple and
straight forward manner. For example, assum-
ing a spherical laminar deflagration wave prop-
agating away from an ignition source, negligi-
ble motion of the burned gas, and negligible
curvature and transient effects associated with
the thickness of the flame (which implies 8, /7,
<1 as a necessary condition), the laminar
burning velocity is given by [17]

SL = (pb/pu)drf/dt7 (6)

with a corresponding expression for K as fol-
lows:

K= (2/r;)dry/dt. (7

Thus, when the present assumptions are satis-
fied, Egs. 6 and 7 readily yield S, and K from
observations of r; as a function of time, for
example, using shadowgraph or schlieren tech-
niques with adequate definition of r, assured
because 6, /r; < 1.

Effects of flame thickness, curvature and
unsteadiness, ignored until now, complicate
measurements of S, and K using outwardly
propagating spherical flames in conjunction
with Eqs. 6 and 7, as well as the interpretation
of effects of flame stretch on laminar burning
velocities [11]. Effects of flame thickness and
curvature on such determinations of S, have
been recognized for some time [27]. The main
difficulties involve changes of flame structure
when evolving from nearly spherically symmet-
ric flames at smail r, to nearly plane flames at
large r;, effects of variations of cross-sectional
area on velocities within the flames, and varia-
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tions of the position of the flame that is indi-
cated by shadowgraph and schlieren tech-
niques, relative to the hot and cold flame
boundaries, as changing effects of curvature
modify the flame structure. Nevertheless, these
problems can be avoided by limiting measure-
ments to conditions where §8,/r; <1 [27],
which was the approach used during the pre-
sent investigation.

Effects of unsteadiness on the interpretation
of measurements of outwardly propagating
spherical flames were recognized more re-
cently by Sivashinsky and coworkers [28, 29],
among others [11]. These effects are caused by
variations of §; due to changes of K with ry,
as indicated by Egs. 1, 6, and 7. This implies
corresponding changes of flame thickness
through Eq. 5, so that the hot and cold bound-
aries of the flame no longer move at the same
velocity, somewhat analogous to effects of
flame curvature. This leads to an uncertainty
of dr;/dt, with corresponding uncertainties of
S,, K, and L, as suggested by Egs. 1, 6, and 7.
Clavin [11] describes effects of unsteadiness
by defining two laminar burning velocities,
relative to the motion of the hot and cold
flame boundaries, respectively, along with two
Markstein lengths corresponding to these ve-
locities. Instead of applying this formulation,
which involves adopting a particular simplified
model of flame structure, however, the present
study was limited to conditions where effects
of unsteadiness were small. The required ex-
perimental conditions can be identified by
finding the difference between the velocities of
the hot and cold flame boundaries, A(dr,/dt).
This difference also is proportional to the dif-
ference between the laminar burning velocities
found relative to the motion of the hot and
cold flame boundaries, A(S,), through Eq. 6,
at least for conditions where A(dr./dt)/
(dr;/dt) is small. Straightforward analysis of
the motion of the hot and cold boundaries,
assuming that effects of flame curvature are
small, then yields the following relationships:

Aldr;/dt) /(dry/dt)
= A(S,)/S, = déy/dr,
~ —(8p/8,)dS, /dr;. (8)
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Based on Eq. 8, as discussed later, effects of
unsteadiness tend to be small when 6, /r; < 1,
and can be controlled in the same manner as
effects of finite flame thickness and curvature.

Equation 7 indicates that effects of flame
stretch for outwardly propagating spherical
flames can best be observed when r;, is small.
However, controlling ignition disturbances and
satisfying the limitation that &5 /r, < 1, gener-
ally precludes operation near extinction condi-
tions [4], for example, maximum values of Ka
tend to be less than 0.4 rather than the values
near unity that correspond to near-extinction
conditions [15]. Fortunately, values of Ma tend
to be large so that significant effects of stretch
still can be observed for relatively small values
of Ka [4].

Another concern about the use of the out-
wardly propagating spherical flames to study
effects of stretch on laminar burning velocities
involves potential transition to unstable flames
with wrinkled flame surfaces—precluding ob-
servations of spherical laminar flames in some
instances. The relationship between preferen-
tial-diffusion /stretch interactions and the sta-
bility of thin flames is easily seen from Eqgs. 4
and 7. If the Markstein number is negative, the
laminar burning velocity increases as the flame
stretch (or Ka) increases through Eq. 4: then
bulges due to disturbances in a nearly plane
flame surface that are concave (convex) toward
the combustion products have positive (nega-
tive) stretch (Ka), analogous to Eq. 7 for spher-
ical flames; thus, the bulges grow and the flame
is unstable. Conversely, if the Markstein num-
ber is positive, the laminar burning velocity
decreases with increasing stretch (Ka), and
similar bulges in the flame surface become
smaller so that the flame is stable to preferen-
tial-diffusion effects. However, even outwardly
propagating spherical flames that are stable to
preferential-diffusion effects are subject to hy-
drodynamic instability because they involve the
acceleration of a low-density gas toward a
high-density gas [10, 11]. Fortunately, both
observations [4, 26], and theory [30], show
that transition to unstable flames from both
preferential-diffusion and hydrodynamic insta-
bilities for outwardly propagating spherical
flames generally is sufficiently deferred so that
preferential-diffusion /stretch interactions can

be studied even when Markstein numbers are
negative [4]. Thus, all things considered, mea-
surements of outwardly propagating spherical
flames, interpreted using Eqs. 1-7 for &, /r <
1, provide a simple, direct, and relatively flexi-
ble approach to study effects of flame stretch
on laminar burning velocities, as advocated by
Strehlow and Savage [17].

Several studies of the effects of stretch on
laminar burning velocities based on measure-
ments of outwardly propagating spherical
flames have been reported [4-9]. The measure-
ments of §,,./S, forH,/0,/N, and propanc/
air flames of Refs. 4-6 have been treated using
Eqgs. 1-7, finding a linear variation with Ka for
each reactant mixture over the test range (Ka
< 0.36) [4]: this implies Ma only depends the
fuel-equivalence ratio. Even though quenching
conditions were not approached, the effect of
stretch on laminar burning velocities was sub-
stantial: Ma varied in the range -3 to 13 with
corresponding variations of S,./S; of 0.5 to
3.1 for the two fuels. Thus, large values of Ma
are not confined to fuels having unusually large
mass diffusivities like hydrogen, relative to the
mass diffusivities of other major species and
the thermal diffusivity of the mixture. This
helps explain recent observations of significant
effects of stretch on strongly turbulent flames
in both H, /0, /N, and hydrocarbon /air mix-
tures, see the discussion in Wu et al. [1]. The
large values of Ma also raise questions about
the available data base for laminar burning
velocities in spite of past efforts to minimize
stretch, because existing measurements involve
finite, and generally unknown, values of Ka.
Thus, values of the fundamental laminar burn-
ing velocity, §,., found from the measure-
ments of Palm-Leis and Strehlow [5] for
propane /air mixtures, were shifted from other
measurements in the literature [18—24]—rais-
ing questions about whether this was an effect
of stretch or a problem with their data [4].

Several other experimental investigations of
the effects of stretch on laminar burning veloc-
ities have been reported using a variety of
methods [7-9, 12—14]. The main difficulty with
these studies is that simplified asymptotic theo-
ries were used to interpret the measurements,
which introduces uncertainties due to the ap-
proximations of the theories that are difficult
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to quantify. In particular, values of Ma and L
for H,/0,/N, and propane/air mixtures us-
ing the direct approach of Egs. 1-7 [4], and the
approximate one-step global theories [7-9, 12,
14], are not in qualitative agreement—includ-
ing the crucial determination of the neutral
preferential-diffusion stability condition. Addi-
tionally, Searby and Quinard [14] show that
flames stabilized in stagnating flows [12, 13]
involve unacceptably large uncertainties of §;
and Ka from flow structure measurements. Fi-
nally, an alternative downward propagating
flame technique used by Searby and Quinard
[14] involves interactions between stabiliz-
ing Rayleigh—Taylor effects and preferential-
diffuston instabilities which complicate the
interpretation of their measurements.

To summarize, a recent study of the effects
of stretch on laminar burning velocities has
demonstrated the value of direct analysis (Eqs.
1-7) of experiments for outwardly propagating
spherical flames, and has raised questions
about the existing data base for laminar burn-
ing velocities and Markstein numbers for hy-
drocarbon /air flames [4]. Thus, the objectives
of the present investigation were to use the
approach of Ref. 4 to study these issues for
typical hydrocarbon /air flames at normal tem-
perature and pressure. Propane, methane,
ethane, and ethylene /air flames were consid-
ered in order to provide a range of mass diffu-
sion properties of the fuel. The study involved
both new measurements, as well as reanalysis
of existing measurements of flame radius as a
function of time for outwardly propagating
spherical flames from Refs. 5, 6, and 9.

The article begins with a description of ex-
perimental methods. This is followed by a dis-
cussion of the results, considering the general
behavior of the flames, fundamental laminar
burning velocities of plane flames, burning ve-
locity /stretch interactions, and Markstein
numbers, in turn.

EXPERIMENTAL METHODS
Apparatus

The present experiments were carried out in a
windowed test chamber developed by Groff
[26] that also was used for earlier premixed
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flame studies in this laboratory [1-4]. The
chamber is quasi-spherical with a volume of
0.011 m® and a 260-mm cross-sectional diame-
ter at its center. Optical access is provided by
two 92-mm-diameter quartz windows mounted
opposite one another in the end caps of the
chamber.

The combustible mixture was prepared
within the chamber by adding fuel and air at
appropriate partial pressures to reach an initial
pressure of 1 atm for all tests. The gases were
mixed using fans within the chamber and then
allowed to become quiescent prior to ignition.
After combustion was complete, the chamber
was vented and purged with dry air to remove
condensed water vapor, prior to evacuating
and refilling the chamber for the next test.

The spark ignition system was the same as
Ref. 4. This involved electrodes extending from
the top and bottom of the chamber, one fixed
and the other positioned with an accuracy of
10 wm using a micrometer. The tips of the
electrodes were 250-pum-diameter tungsten
wires with a free length of 25 mm and a spark
gap of 500 pwm. The spark energy was supplied
by a high-voltage capacitor circuit having a
variable capacitance (100-5000 pF) and volt-
age (3-5 kV), and a discharge time of roughly
5 us. Spark energies were adjusted by trial so
that they were close to minimum ignition ener-
gies for the present spark gap, in order to
minimize effects of spark disturbances. This
involved stored spark energies in the range
10-200 m]J, tending to progressively increase
with increasing preferential-diffusion stability
(increasing Ma) of the reactant mixture.

Instrumentation

The flames were observed using shadowgraph
motion picture photography, similar to Ref. 4.
The shadowgraph system was based on a 100-W
mercury lamp (ARC, HSA-150 HP), with the
light collimated by a pair of f6 parabolic re-
flectors having focal lengths of 1220 mm. The
shadowgraphs were recorded using a 16-mm
motion picture camera (Hycam, Model K20
S4E) operating at 3000 pictures per second
with a 1/10 shutter to yield an exposure time
of 35 wus. Kodak Plus X film was used for the
photographs. The framing rate of the camera
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was sensed electronically so that ignition only
occurred when the proper framing rate was
reached. The framing rate and the ignition
pulse were recorded using a digital oscillo-
scope (LeCroy 9400 A) so that the film records
could be synchronized.

The films were measured by projecting them
using an overall magnification of 4:1. The
flames were nearly spherical (maximum and
minimum diameters were within 10% of the
mean diameter) but were measured horizon-
tally to avoid the disturbances of the spark
electrodes in the vertical direction. The overall
resolution of the flame diameter measure-
ments generally was less than 150 pum.

Data Reduction

Measurements of laminar burning velocities
were limited to relatively small flames having
diameters less than 60 mm. Within this region,
the volume of burned gas was less than 1% of
the total chamber volume and pressure trans-
ducer records showed that the chamber pres-
sure was constant within 2%. Laser velocime-
ter measurements indicated that velocities
within the unburned gas corresponded to the
behavior expected for unconfined freely propa-
gating spherical flames [2].

Potential effects of flame thickness and cur-
vature were controlled by limiting 8,/r, to
values less than 0.02 for the conditions where
measurements were made. These same condi-
tions also controlled effects of unsteadiness. In
particular, velocity differences between the cold
and hot flame boundaries were largest for
propane /air flames at ¢ = 0.8, where values
of S, were relatively low while dS, /dr; was
relatively large due to strong effects of stretch.
At this worst-case condition, however,
Adryydt)/(drp/dt) = A(S;)/S, was still less
than 2% from Eq. 8, while finding 6, based on
cold boundary transport properties from Eq. 5.
Even taking a more conservative approach,
and using larger values of §,, based on hot
boundary conditions, as discussed later, still
yielded uncertainties of dr;/dt and S, less
than 7%. These uncertainties were smaller at
other test conditions and generally were negli-
gible in comparison to present experimental
uncertainties; therefore, Eqs. 1-7 were used to

interpret the measurements with no distinction
made between the hot and cold flame bound-
ary reference frames. Formally, however, pre-
sent results correspond to use of the hot flame
boundary reference frame defined by Clavin
(11].

Rates of radiative heat loss were less than
1% of the rate of chemical energy release
within the test flames, based on computations
assuming adiabatic flame conditions through-
out the burned gas region [31]. Thus, §, was
found from Eq. 6, assuming constant pressure
adiabatic combustion with the reactant gas
temperature equal to the initial temperature
and negligible motion of the burned gas. The
density ratio needed in Eq. 6 was found assum-
ing thermodynamic equilibrium in the combus-
tion products for adiabatic constant-pressure
combustion using the Gordon and McBride
[32] algorithm. Similar to Ref. 4, the corre-
sponding values of the Karlovitz number were
found by eliminating 8, between Eqgs. 3 and §
to yield

Ka =KD, /S," (9)

with K being found from Eq. 7. The values of
dr;/dt needed to find S, and Ka were ob-
tained using local polynomial fits of the mea-
surements of rpasa function of time, averag-
ing the results of four tests at each condition.
The mass diffusivity appearing in Eq. 9 was
taken to be that of the fuel in nitrogen at
unburned gas conditions, found from Ref. 33."

Experimental uncertainties (95% confi-
dence) of dr;/dt and §; were less than 5 and
15%, respectively. The higher uncertainty of
S, reflects estimated uncertainties of the den-
sity ratio in Eq. 6 and potential effects of the
slight chamber pressure increase, unsteadiness
and radiative heat losses from the burned gas
[27]. The corresponding uncertainties: of Ka
from Eq. 9 generally were less than 25%.

The measurements of Palm-Leis and
Strehlow [5], Fristrom [6], and Taylor [9] also
were reduced by present methods, using their
reported values of flame radius as a function of
time (or S, as a function of r). Estimates of
experimental uncertainties are not reported for
these studies. However, the results seem con-



416

sistent and probably have similar experimental
uncertainties, aside from uncertainties due to
transcribing data from plots and potential
problems concerning the fuel-equivalence ratio
values reported by Palm-Leis and Strehlow [5],
as discussed in Ref. 4.

Test Conditions

Present test conditions for propane, methane,
ethane, and ethylene/air flames are summa-
rized in Table 1. Corresponding tables summa-
rizing the Palm-Leis and Strehlow [5] and
Fristrom [6] measurements appear in Ref. 4.
The test conditions of Taylor [9] are similar to
the present measurements; the original source
should be consulted for details.
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Table 1 is organized in terms of the fuel-
equivalence ratio and provides the values of
p./p, and D, used to reduce the data. Values
of S} .. were found directly at the largest radius
where measurements were made while values
of §,. were found by extrapolating the data
to Ka — 0, as discussed later. Differences
between ), and S, are representative of
effects of stretch on conventional direct deter-
minations of laminar burning velocities for
normal laboratory conditions. These discrepan-
cies tend to be largest at the smallest or largest
fuel-equivalence ratio considered with maxi-
mum values for each fuel as follows: propane,
22% at ¢ = 1.8; methane, 40% at ¢ = 0.6;
ethane, 4% at ¢ = 0.8; and ethylene, 5% at
¢ = 0.8. Thus, laminar burning velocities near

TABLE 1

Summary of Test Conditions®

d) pu/pb S,Lx SLx 6Dw Kmax Kamax Ma
(=) (-) (mm/s) (mm/s) (um) s™hH (-) (-)
Propane /Air (D, = 11.3 mm?/s)

0.80 7.09 250 280 40 340 0.25 48
1.00 7.97 310 320 35 610 0.14 39
1.20 8.06 370 370 31 760 0.11 3.8
1.30 7.92 350 350 32 800 0.10 2.6
1.40 7.79 210 270 42 820 0.12 -0.2
1.60 7.52 160 140 80 580 0.15 -2.0
1.80 7.23 110 82 138 440 0.16 -2.5
Methane /Air (D, = 21.9 mm?/s)

0.60 433 100 60 360 270 0.30 -1.9
0.70 4.77 180 180 120 450 0.30 —-0.04
0.90 5.57 330 340 64 850 0.30 1.3
1.00 5.93 410 430 51 550 0.09 2.1
1.10 5.59 440 440 50 1010 0.20 1.9
1.20 5.23 430 440 50 860 0.23 2.6
1.35 4.69 340 390 56 240 0.23 7.2
Ethane/Air (D, = 14.6 mm?/s)

0.80 6.00 260 270 54 400 0.20 1.6
1.00 6.87 380 400 37 810 0.25 2.1
1.10 6.69 440 450 32 1100 0.21 1.7
1.20 6.41 440 430 34 1260 0.21 1.1
1.40 5.70 320 330 44 750 0.19 0.6
1.60 5.29 205 200 73 470 0.21 -0.6
Ethylene /Air (D, = 15.8 mm?/s)

0.80 7.83 360 380 42 750 0.18 2.7
0.90 8.26 440 460 34 820 0.09 2.0
1.00 8.59 540 580 27 1270 0.13 3.0
1.20 9.00 560 600 26 1510 0.11 25
1.30 9.11 540 560 28 1170 0.08 23
1.40 9.18 420 430 37 1210 0.14 1.1
1.60 9.24 280 290 54 910 0.22 0.5
1.80 9.26 170 170 93 380 0.24 0.2

¢ Initial mixture pressure and temperature 1 atm and 298 + 3 K.
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limits, particularly when the mass diffusivity of
the fuel differs significantly from oxygen, are
most affected by stretch and should be used
with caution unless they have been corrected
to S,.. The characteristic flame thickness, 6.,
is found using S, . in Eq. 5, yielding the follow-
ing ranges: propane, 31-138 um; methane,
50~-360 wm; ethane, 32-73 um; and ethylene,
2693 pm. Values of §,,,, based on burned gas
conditions would be 2.8-4.3 times larger than
the values listed in Table 1, yielding thick-
nesses of 120-1020 pm over the present test
range. Maximum values of stretch were limited
so that 8p/r; < 0.02, yielding the following
ranges: propane, 340-820 s '; methane,
240-1010 s~ '; ethane, 400-1260 s~ '; and ethy-
lene, 380-1510 s~ '. It is easier to interpret
relative effects of stretch using the maximum
Karlovitz numbers, however, which have the
following values: propane, 0.25; methane, 0.30;
ethane, 0.25; and ethylene, 0.24. As mentioned
earlier, these values are relatively small in
comparison to the values on the order of unity
that are associated with extinction conditions
[15]; this is a natural consequence of avoiding
measurements near the disturbances of spark
kernels, while requiring 8, /r, and unsteady
effects in the flames to be small. Values of Ma,
found as described later, also are summarized
in Table 1.

RESULTS AND DISCUSSION
Flame Evolution

Direct observations of flame radius as a func-
tion of time, and laminar burning velocity as a
function of flame radius, will be considered
first in order to indicate the nature of the
measurements. Results for propane /air flames
will be used for this purpose because they
exhibit features observed for the other flames
unusually well.

Flame radius as a function of time is plotted
in Fig. 1 for all the fuel-equivalence ratios
considered for the propane/air flames. Neu-
tral and unstable preferential-diffusion con-
ditions (Ma < 0) are denoted by darkened
symbols while stable preferential-diffusion
conditions (Ma > 0) are denoted by open sym-
bols; this practice will be adopted on all subse-

32 T T T 1 T T T

24 }
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ry (mm)
o
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i
08 J
J\
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]
16 .
]
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o} el ) 5 — A
0 10 20 30 40

t (ms)

Fig. 1. Flame radius as a function of time for propane /air
mixtures.

quent plots. Except for a very slow methane /air
flame (¢ = 0.6) that developed buoyant insta-
bilities at a relatively small radius and is not
considered here, all the present flames had
smooth flame surfaces over the region where
laminar burning velocity measurements were
made, r, < 30 mm. Flames for unstable prefer-
ential-diffusion conditions, however, developed
irregular surfaces at larger radii. In contrast,
the faster propagating H,/O,/N, flames ex-
hibited relatively rapid transition to unstable
flame surfaces for unstable preferential-diffu-
sion conditions [4]. Effects of preferential-dif-
fusion can be seen from the variation of the
slopes of the plots in Fig. 1, which are propor-
tional to S, through Eq. 6. Thus, the slopes
increase (decrease) with increasing r, (or de-
creasing K through Eq. 7) for stable (unstable)
conditions and tend toward constant values at
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large r, where the rate of change of K, and K
itself, tends toward small values. Although no
quantitative study of minimum ignition ener-
gies was made, a correspondence between min-
imum ignition energies and preferential-diffu-
sion conditions was observed that has been
noted by others [15]. This involved much
smaller ignition energies for unstable than sta-
ble preferential-diffusion conditions, particu-
larly as limits were approached. Thus, the pref-
erential-diffusion mechanisms that cause S, to
increase at large K for unstable conditions,
also appear to assist the ignition process.

The values of §,; for propane /air flames, for
various flame radii corresponding to Fig. 1, are
plotted in Fig. 2. (Note that results for r, <5
mm for ¢ = 0.8 involve transient effects be-
yond the limits mentioned earlier and only are
shown to exhibit general trends.) These results
show that the effect of stretch on laminar

0.4 T 1 1 1 T T .
os b UNSTABLE ]
9900000000000
. $=14 -
o2} J
1.6
’U‘) 0. L— 1.2 :r
< P
e 1 ]
1.3
-
2 o3} 0
B 9-00 1
oz | :
STABLE
L B
ol F 1
. PROPANE/AIR @ | otm A
[e]0] i J | } L | L
(o] 8 16 24 32

ry (mm)

Fig. 2. Laminar burning velocity as a function of flame
radius for propane /air mixtures.
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burning velocities is substantial, particularly
for conditions removed from the neutral stabil-
ity condition, for example, at ¢ = 0.8 and 1.8.
It is surprising that this extraordinary behavior
has received relatively little experimental at-
tention even though Palm-Leis and Strehlow
[5] reported similar findings more than 20 years
ago. It also is evident that effects of stretch can
persist to large flame radii, for example, see
the results at ¢ = 0.8. Due to the small values
of &, /r, for these flames (see Table 1), this
behavior clearly is not a result of effects of the
variation of the crosssectional area for trans-
port within the thickness of the flame; rather,
it is caused by flame stretch due to the outward
propagation of the thin curved flame surface
[17].

Results for finite flame radii, like Fig. 2,
involve finite values of K so that the values of
the laminar burning velocities at the largest r,
observed, S ., still differ from the fundamental
laminar burning velocity for a plane flame,
S, .. Thus, values of S, were found through
Eq. 4 by plotting S;../S, as a function of Ka.
As subsequent results will show, these plots
are linear so that extrapolation to Ka = 0 yields
S;./S,. and thus ;.. This procedure was
used to find the values of S, and the corre-
sponding values of §,,., for the present mea-
surements, summarized in Table 1, as well as
for the other measurements for outwardly-
propagating spherical flames [5, 6, 9]. This be-
havior highlights the advantage of the local
conditions hypothesis which yields Ka directly
from the measurements and provides a linear
extrapolation to find S§,,; in contrast, if Ma
and Ka are based on §,_, values of Ka must be
found iteratively and the extrapolation to find
S,. no longer is linear.

Laminar Burning Velocities

The values of §,, found from the measure-
ments of outwardly propagating spherical
flames are plotted as a function of fuel-equiv-
alence ratio for the four fuels in Figs. 3-6.
Existing measurements in the literature, in-
volving finite but generally unknown levels of
flame stretch in spite of efforts to minimize
stretch, also are shown on the plots [13, 18—-25].
Andrews and Bradley [25] survey numerous
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other early measurements of the laminar burn-
ing velocities of methane /air mixtures as well;
however, only their results are shown as being
representative of the others in order to avoid
cluttering Fig. 4 excessively.

The first issue in connection with the lami-
nar burning velocity measurements illustrated
in Figs. 3—6 is the consistency of determina-
tions of §,. from measurements of outward-
ly propagating spherical flames. Over all the
fuels, present measurements and those of
Taylor [9] generally agree within experimental
uncertainties. However, results based on the

06 - r T — r T y
METHANE/AIR @ | gtm
TAYLOR (1991), §__
0s | E
PRESENT DATA, S _
oa | E
= ANDREWS & BRAOLEY
s (1973), S
Z o3zt \ ]
I8 5 YAMAOKA & TSUJI
2 1984),
Law eof ar/\\\\r (1984), 8
o2 | (1986), S, \ ]
\,
N
o T
00 L L L L I 1 L
04 06 X 10 12 14 16 18 20

Fig. 4. Laminar burning velocity as a function of fuel-
equivalence ratio for methane/air mixtures. Measure-
ments of Taylor [9], Law et al. [13], Yamaoka and Tsuji
{18], Andrews and Bradley [25], and the present study.
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Fig. 5. Laminar burning velocity as a function of fuel-
equivalence ratio for ethane /air mixtures. Measurements
of Taylor [9], Scholte and Vaags [19], and the present
study.

measurements of Palm-Leis and Strehlow [5]
for propane/air mixtures (Fig. 3) only yield
comparable maximum values of S, . and clearly
seem to be shifted toward larger fuel-equiv-
alence ratios, indicating a problem with their
reported values of fuel-equivalence ratios, as
suggested in Ref. 4. Thus, only the results of
Taylor {9] and the present measurements will
be considered in the following comparisons
between S, found for outwardly propagating
spherical flames and S, reported using other
methods.

In general, the various methods yield com-
parable maximum laminar burning velocities in
Figs. 1-4 in view of anticipated experimental
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Fig. 6. Laminar burning velocity as a function of fuel-
equivalence ratio for ethylene/air mixtures. ‘Measurc-
ments of Taylor {9], Scholte and Vaags [19] and the present
study.
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uncertainties. The main difference between S, .
and §, is that §;, reaches a maximum near
¢ = 1.1-1.2 while S, reaches a maximum for
¢ = 1.0-1.1, for all the fuels. This shift is
systematic and might be significant; however, it
only constitutes a 10% change, which is not
large in comparison to the typical experimental
uncertainties of concentration determinations.
Finally, although values of §, are limited to
Scholte and Vaags [19] for ethane and ethy-
lene /air flames (Figs. 5 and 6), S, and S, for
these flames are in reasonably good agree-
ment. This behavior is anticipated, however,
because preferential-diffusion effects are weak-
est for ethane and ethylene /air flames (cf. S,
and S, . in Table 1), perhaps because the mass
diffusivities of these fuels are closest to those
of oxygen of all the fuels considered.

Differences between §,. and S, in Figs. 3
and 4 are significant for the methane and
propane /air flames. As will be seen subse-
quently, methane/air flames are particularly
sensitive to preferential-diffusion /stretch in-
teractions and discrepancies in this case can
be attributed to stretch. In particular,
methane /air flames exhibit nearly neutral be-
havior at fuel-lean conditions, and rather strong
stable behavior at fuel-rich conditions where
Si. Is significantly lower than S,. for out-
wardly propagating spherical flames (cf. Table
1). Thus, the relatively good agreement of all
the methods for methane at fuel-lean condi-
tions while the §; are appreciably smaller than
S, at fuel-rich conditions, seen in Fig. 4, is
consistent with this behavior.

A corresponding explanation for the differ-
ences between §,. and S, for propane/air
flames seen in Fig. 3, however, is problematical
even though propane /air flames are relatively
responsive to stretch. In particular, propane/
air flames are stable for ¢ less than ca. 1.44 so
that §, .. should be greater than S, for most of
the fuel-lean region, rather than the opposite
trend seen in Fig. 3. In this case, an available
explanation is that the differences are repre-
sentative of experimental uncertainties with
some systematic errors superimposed: the dif-
ficulties of prescribing the unburned gas veloc-
ity and the value of the stretch, and the uncer-
tainties of finding S, from derivatives coupled
with extrapolation of these results to find §, ..
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A general trend seen in Figs. 3-6 is that the
various methods exhibit the greatest discrepan-
cies as limits are approached. This is reason-
able because experimental uncertainties are
generally largest in regions where the laminar
burning velocities become small. Another fac-
tor is that both buoyancy-induced strain (which
varies with the flow configuration) and the
sensitivity of the flames to stretch are largest
near limits where S, is relatively small. Experi-
ments at nonbuoyant conditions, like those of
Ronney [34] and references cited therein, as
well as careful treatment of effects of finite
flame thickness, curvature, unsteadiness, and
radiative heat losses, would be required to
resolve this difficulty.

Burning Velocity / Stretch Interactions

Given S, ,, plots of S, /S, as a function of Ka
can be constructed as suggested by Eq. 4 for
various values of ¢. The resulting plots from
the present measurements of propane,
methane, ethane, and ethylene /air flames are
illustrated in Figs. 7-10, respectively. The pre-
sent results for propane/air flames illustrated
in Fig. 7 are similar to findings illustrated in
Ref. 4 based on the measurements of Refs. 5,
6, and 12, except for a shift of the fuel-equiv-
alence ratios of the results of Ref. 5 analogous
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Fig. 7. Laminar burning velocity as a function of Karlovitz
number and fuel-equivalence ratio for propane /air mix-
tures.
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to the S, . of Fig. 3. Additionally, results based
on the present analysis of the measurements of
Taylor [9] are similar to present results and are
not plotted in Figs. 7-10 to avoid cluttering the
figures. However, the Taylor [9] results are
considered later when Markstein numbers are
discussed.

The measurements illustrated in Figs. 7-10
exhibit the linear relationship between S, /S,
and Ka used during the determination of S, .,

30 T y —— T T '
ETHANE /AIR @ | atm
¢ SYMBOL
2s r 08 v N
i o o ]
|1 o
20 F 1.2 A i
1.4 [}
1.6 ° B
$=10 ]
05 I 1
0.0 L ) I L B L
00 [oX] 02 03 04

Ka

Fig. 9. Laminar burning velocity as a function of Karlovitz
number and fuel-equivalence ratio for ethane/air mix-
tures.
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Fig. 10. Laminar burning velocity as a function of Karlovitz
number and fuel-equivalence ratio for ethylene /air mix-
tures.

as discussed carlier. Thus, the slope of these
plots, which is the Markstein number, is clearly
independent of Ka over the range of measure-
ments (Ka < 0.30 for present measurements
and Ka < 0.36 for results illustrated in Ref. 4).
It should be recalled, however, that this range
of Ka is not close to extinction conditions
where the response of the flames to stretch is
likely to change. This behavior implies that the
Markstein length scales with the characteristic
flame thickness on a local basis, through Eq. 2,
which is reasonable because both lengths are
representative of distances over which scalar
transport is important [10, 11].

The variation of S,./S, due to effects of
stretch in Figs. 7-10 is substantial, with the
following ranges over the present data base:
propane, 0.6-2.2 for Ka < 0.25; methane,
0.4-2.7 for Ka < 0.30; ethane, 0.8-1.5 for Ka
< 0.25; and ethylene, 1.0-1.5 for Ka < 0.24.
Larger variations are probably possible if a
larger range of Ka, or conditions nearer
flammability limits, had been considered. Such
large variations of S, are reasonable, however,
as a result of effects of preferential diffusion
induced by stretch. For example, both' prefer-
ential-diffusion of heat with respect to mass
and fuel with respect to oxidant modify flame
temperatures, with significant corresponding
variations of §; anticipated due to the rela-
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tively large global activation energies of hydro-
carbon /air flames [11, 15, 16]. Thus, it is not
surprising that effects of stretch on S, are
comparable to effects of varying fuel-equiv-
alence ratios between flammability limits. In
view of the strong response of premixed flames
to stretch, results such as Figs. 7-10 should
provide a good test of detailed chemical kinetic
mechanisms used for numerical simulations of
premixed laminar flame properties. In particu-
lar, stretch effects should provide a strong
evaluation of the transport and flow aspects of
these simulations because they involve interac-
tions between effects of preferential-diffusion
and flow properties.

Hydrodynamic instabilities did not occur
within the radius range of present measure-
ments [4, 26]; however, it is of interest to
consider effects of preferential-diffusion insta-
bility. Neutral and unstable preferential-diffu-
sion conditions can be defined most concisely
in terms of Markstein numbers, which are con-
sidered subsequently. However, some general
trends of preferential-diffusion stability phe-
nomena can be observed from Figs. 7-10 that
merit comment. First of all, the methane /air
flames are unique among the fuels studied, and
perhaps for hydrocarbon /air flames in general,
because they are unstable at fuel-lean condi-
tions, similar to H,/0,/N, flames [4], rather
than at fuel-rich conditions like the other hy-
drocarbon /air flames considered during the
present study. This can be explained qualita-
tively using classical phenomenological theo-
ries of preferential-diffusion instability [35].
From this argument, the mass flux of the fast-
diffusing reactant relative to the slow-diffusing
reactant tends to increase at protrusions of the
flame surface into the reactants, and tends to
decrease at protrusions of the flame surface
toward the combustion products. For
methane /air mixtures, methane is the fast-
diffusing reactant, causing the local fuel-equiv-
alence ratio, and thus the laminar burning
velocity, to increase (decrease) for protrusions
into the reactants (products) for fuel-lean con-
ditions (see Fig. 4); therefore, the protrusions
tend to grow and the flame is unstable [35].
The same considerations for methane/air
flames at fuel-rich conditions lead to the con-
clusion that protrusions are damped and the

L.-K. TSENG ET AL.

flame is stable. Similarly, oxygen is the fast-
diffusing reactant in propane /air flames, which
implies unstable behavior for fuel-rich condi-
tions as observed in Fig. 7. The issue is less
clear for ethane and ethylene, which have mass
diffusivities intermediate between methane and
propane, yielding somewhat reduced response
to effects of stretch, as noted earlier, although
their unstable regions are observed at fuel-rich
conditions like the propane/air flames. In
these cases, the preferential diffusion of mass
and heat may play a stronger role, although
the general nature of preferential-diffusion
effects appears to be complex and the specific
contribution of preferential diffusion of vari-
ous species and heat must still be resolved.
Additionally, the concepts of the phenomeno-
logical theories of preferential diffusion [10,
11, 35] are clearly incomplete because they all
imply that transition from stable to unstable
preferential-diffusion conditions should occur
at fuel-equivalence ratios where maximum
laminar burning velocities or flame tempera-
tures are reached (¢ in the range 1.0-1.2 for
present test conditions). Instead, these transi-
tions tend to be shifted toward rich and lean
flammability limits for present conditions. The
relationship between this behavior and existing
theories of effects of stretch on laminar burn-
ing velocities is better considered in terms of
Markstein numbers, which is discussed next.

Markstein Numbers

The slopes of the plots of §,.. /S, as function
of Ka yield the Markstein numbers, which are
only a function of fuel-equivalence ratio for a
given fuel over the existing range of experi-
ments. The resulting values of Ma are summa-
rized in Table 1 and are plotted as a function
of ¢ for propane, methane, ethane, and ethy-
lene /air flames in Figs. 11-14, respectively.
Results based on the measurements of Palm-
Leis and Strehlow [5], Fristrom [6], and Taylor
[9] for outwardly propagating spherical flames,
analyzed using Eqs. 1-7, are also shown on the
plots. The scatter of the data is relatively large,
reflecting the uncertainties introduced by find-
ing S, and Ka from derivatives of r; as a
function of time, and then Ma from another
derivative of §,./S, as a function of Ka. In
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addition, results from Palm-Leis and Strehlow
[5] for propane/air mixtures appear to be
shifted toward larger fuel-equivalence ratios,
similar to the behavior of their measurements
of §,, illustrated in Fig. 3. Thus, in view of
potential problems with the values of ¢ re-
ported in Ref. 5, these results will be excluded
from subsequent consideration.

It was of interest to use the measurements
illustrated in Figs. 11-14 to help quantify neu-
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Fig. 12. Markstein number as a function of fuel-equiv-
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tral preferential-diffusion conditions and the
sensitivity of Ma to variations of ¢. In general,
the variation of Ma with ¢ is expected to be
complex, particularly as flammability limits are
approached [11]. However, the available ranges
of the measurements illustrated in Figs. 11-14
do not closely approach flammability limits and
it is difficult to justify more than a linear
correlation in view of the scatter of the data.
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Thus, the following linear correlation of Ma as
a function of ¢ was examined:

Ma = S(¢ — ¢,). (10)

In Eq. 10, ¢, is the neutral preferential-diffu-
sion condition where Ma = 0 while § is the
sensitivity of Ma to variations of ¢. The sensi-
tivity §, can have positive or negative values
depending on whether the reactant mixture
exhibits unstable preferential-diffusion behav-
ior at fuel-equivalence ratios lower or higher
than ¢,. Least-squares fits using Eq. 10, based
on the present measurements and those of
Refs. 6 and 9, are also illustrated in Figs.
11-14. The best-fit values of § and ¢,, the
standard deviations of these quantities, the
overall correlation coefficients of the fits, and
the ranges of Ka and ¢ of the measurements,
are summarized in Table 2. Results in Table 2
also include findings for H,/0O,/N, mixtures
from Ref. 4, which exhibit a linear relationship
between Ma and ¢ over the available range of
experiments, as well.

The values of Ma in Figs. 11-14 for hydro-
carbon /air mixtures, and summarized in Ref. 4
for H, /0, /N, mixtures, are large, particularly
near limits, which implies significant preferen-
tial-diffusion /stretch interactions for most
practical flames. For example, values of Ma
over the available data base are in the range
—2.5 to 7.2 for the present hydrocarbon /air
flames, and —1.8 to 13.3 for the H,/0,/N,
mixtures studied in Ref. 4. The actual range of
Ma for given reactants depends on the relative
values of S, ¢,, and the range of ¢ available
due to the presence of rich and lean flamma-
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bility limits. Thus, methane /air flames have an
unusually large S with ¢, near the lean
flammability limit so that they reach rather
large positive values of Ma for fuel-rich condi-
tions where they are stable. On the other hand,
H,/0,/N, mixtures have a moderately high
value of §, with ¢, intermediate between un-
usually wide flammability limits, so that they
can reach both large (in the absolute sense)
positive and negative values of Ma. Among the
hydrocarbon /air mixtures, propane /air flames
are most similar to H,/0, /N, mixtures, hav-
ing a similar value of ¢,, and a larger value of
S, so that their maximum absolute values of
Ma are only somewhat smaller than the
H,/0,/N, mixtures due to narrower flam-
mability limits. Among the flame systems con-
sidered in Table 2, the ethane and ethylene /air
and the H, /0, /N, mixtures have comparable
absolute values of S while the absolute values
of S for methane and propane/air flames are
somewhat larger. This again highlights the fact
that large values of Ma do not necessarily
require an unusually large mass diffusivity of
one reactant, like hydrogen in the H,/0,/N,
flames. On the other hand, the larger absolute
values of § for methane and propane/air
flames than the other hydrocarbon /air flames
seem plausible because their mass diffusivities
differ more from that of oxygen than the other
hydrocarbons, suggesting greater potential for
preferential-diffusion effects. However, prefer-
ential-diffusion phenomena are complex and
arguments based on relative magnitudes of
mass diffusivities fail to explain why the value
of § is significantly larger for ethane than

TABLE 2

Summary of Markstein Number Correlations®

Reactants C,H,/Air CH,/Air C,H/Air C,H,/Air H,/0,/N,
Slope (S) —88 10.2 -4.0 -29 3.9
Intercept (&,) 1.44 0.74 1.68 1.95 1.50
Maximum Ka 0.25 0.30 0.25 0.24 0.21

¢ range 0.8-1.8 0.6-1.35 0.8-1.6 0.8-1.8 1.00-4.83
Std. dev. of § 0.8 11 0.7 0.4 0.2

Std. dev. of ¢, 0.11 0.09 0.22 0.22 0.22
Correl. coef. of Fit 0.95 0.93 0.83 0.86 0.99

“ Assuming a linear correlation between Ma and ¢. Hydrocarbon /air results from Taylor [9] and present measurements
at 1 atm and 298 + 3 K. H,/0, /N, results from Kwon et al. [4] at 3 atm and 298 + 3 K with 12.5%-21.0% O, by volume

in the O, /N, mixtures.
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ethylene /air flames because these two fuels
have rather similar mass diffusion properties,
cf. Table 1.

In spite of the complexities of preferential-
diffusion phenomena, however, some of the
general features of present observations do
agree with predictions of effects of stretch on
premixed laminar flames based on the simpli-
fied asymptotic theories discussed by Clavin
[11]. These results indicate that scalar trans-
port tends to stabilize flames having modest
levels of preferential-diffusion, so that neutral-
stability conditions are shifted toward fuel-
equivalence ratios on the unstable side of the
maximum flame temperature condition. Re-
sults in Table 2 generally conform to this trend
noting that maximum flame temperatures oc-
cur near stoichiometric conditions and that the
unstable region is between ¢, and the corre-
sponding lean or rich flammability limit for the
hydrocarbon /air flames. Thus, the unstable
preferential-diffusion regions for the hydrocar-
bon /air flames, based on the best-fit correla-
tions of Table 2, are as follows: propane, >
1.44; methane, < (0.74; ethane, > 1.68; and
ethylene, > 1.95. The H,/0,/N, flames,
however, do not agree with theoretical expec-
tations because ¢, is shifted toward stable
fuel-equivalence ratios in comparison to the
maximum flame temperature condition which
is near stoichiometric conditions, for example,
the unstable region involves ¢ < 1.50. This
type of discrepancy is not unexpected, how-
ever, because the fuel-equivalence ratios for
maximum flame temperatures and maximum
laminar burning velocities are widely separated
for H,/0,/N, mixtures—ca. 1.0 and 1.8, re-
spectively [4]—which is not representative of
flames satisfying the approximations of the
simplified asymptotic theories [11]. This prob-
lem should be reduced for the present hydro-
carbon/air mixtures where maximum flame
temperatures and laminar burning velocities
are all in the range 1.0-1.2; thus, the present
results should serve as a reasonable basis to
evaluate approximate theories in order to gain
a better understanding of preferential-diffu-
sion/stretch interactions. Additionally, the
large sensitivities of §, to effects of stretch
(Ka), and of Ma to changes of fuel-equivalence
ratio and fuel type, should provide a good test

of the performance of detailed kinetic simula-
tions of these flames—particularly their treat-
ment of mass transport, heat transport, and
flow velocities.

CONCLUSIONS

Effects of positive flame stretch on laminar
burning velocities were studied based on mea-
surements for outwardly propagating spherical
flames, considering propane, methane, ethane
and ethylene /air mixtures with the reactants
at normal temperature and pressure. The ma-
jor conclusions of the study are as follows:

1. Effects of preferential-diffusion /stretch in-
teractions could be correlated according to
S.=/S; =1+ MaKa, where the Markstein
number was constant for a particular reac-
tant mixture over the present test range
(which involved Ka < 0.3 and did not ap-
proach quenching conditions), very similar
to earlier observations for H, /O, /N, mix-
tures [4].

2. Effects of flame stretch on laminar burning
velocities were substantial, yielding Mark-
stein numbers in the range —2.5 to 7.2 and
corresponding variations of S,. /S, in the
range 0.4-2.7—implying significant -effects
of flame stretch on typical laboratory mea-
surements of laminar burning velocities as
well as practical turbulent premixed flames.

3. Markstein numbers varied linearly with
fuel-equivalence ratio from the neutral
preferential-diffusion condition, according
to Ma = S(¢ — ¢,), although there was
considerable scatter of the data values be-
cause Ma determinations involve multiple
derivatives of measurements. It should be
noted, however, that the available ranges of
the measurements do not closely approach
flammability limits where the variation of
Ma with ¢ might be expected to change
[11]. Absolute values of S were in the range
2.9-10.2, being largest and smallest for
methane and ethylene /air flames, respec-
tively. Thus, absolute values of Ma tend to
increase toward limits, while maximum
achievable absolute values involve interac-
tions among S, ¢,, and the values of ¢ near
the rich and lean flammability limits.
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4. Fuel-equivalence ratios for neutral prefer-
ential-diffusion conditions were shifted to-
ward the unstable side of the stoichiometric

condition,

in accord with approximate

asymptotic theories [11], yielding the follow-
ing ranges of ¢ for unstable preferential-

diffusion behavior:

propane, > 1.44;

methane, < (.74; ethane, > 1.68; and ethy-
lene, > 1.95.

5. The strong sensitivity of laminar premixed
flames to preferential-diffusion /stretch in-
teractions, and the rich behavior of these
interactions with respect to changes of the
reactants and fuel-equivalence ratios, should
provide a good test of both approximate and
detailed models of premixed flames—par-
ticularly their treatment of mass and heat
transport phenomena that are central to
effects of preferential-diffusion.
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