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Abstract

Fundamental unstretched laminar  burning
velocities, and flame response to stretch as characterized
by Markstein numbers, were measured for premixed
laminar flames involving mixtures of hydrocarbon
vapors, oxygen and nitrogen. The measurements were
camied out using outwardly-propagating spherical
laminar premixed flames. Experimental conditions
consisted of vapors of several typical liquid fuels (n-
hexane, n-heptane, iso-octane, methyl-alcohol and
ethyl-alcohol), concentrations of oxygen in the non-fuel
gases of 19-33% by volume, pressures of 0.5-2.0 atm.,
fuel-equivalence ratios of 0.80-1.60 and reactant mixture
temperatures of 298 * 5K. The present flames were
very sensitive to flame stretch, yielding ratios of
unstretched to stretched laminar burning velocities in
the range 0.4-4.0 for levels of flame stretch well below
quenching conditions, e.g., for Karlovitz numbers less
than 0.2. At low pressures, the present hydrocarbon
vapor flames had positive Markstein numbers at fuel-
lean conditions which is consistent with classical
preferential-diffusion ideas. Increasing pressures,
however, reduced Markstein numbers and progressively
decreased the fuel-equivalence ratio range where
Markstein numbers were positive. Negative Markstein
numbers were associated with the presence of
preferential-diffusion instability as evidenced by the
appearance of chaotically-distorted (wrinkled) flame
surfaces early during the flame propagation process.
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Introduction

Several recent studies have shown that effects of
preferential diffusion of mass and heat cause laminar
premixed flames to be sensitive to flame stretch.'°
Most of these studies considered gaseous fuels (e.g.,
hydrogen, wet carbon monoxide, methane, ethane,
ethylene, propane, etc.) which raises questions about
the corresponding behavior of premixed flames fueled
with the vapors of liquid fuels that are important for
many practical applications, e.g., aerospace and ground
transportation systems, among others.  Thus, the
objective of the present investigation was to study
premixed-flame/stretch interactions of flames fueled with
the vapors of some typical liquid fuels (n-hexane, n-
heptane, iso-octane, methyl alcohol and ethyl alcohol)
in oxygen and nitrogen mixtures. The experiments
involved observations of outwardly-propagating
spherical laminar premixed flames to find the
fundamental laminar buming velocities of unstretched
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flames and the sensitivity of laminar burning velocities
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Experimental conditions included non-fuel gases
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concentrations of oxygen of 19-33% by volume,

pressures of 0.5-2.0 atm., fuel-equivalence ratios of

ASSuiLs UL V.O"4L.V allil. AR VAILALS  dEuUs

0.80-1.60 and reactant mlxture temperatures of 298 *
SK. The following description of the study is brief, see
Refs. 4-9 and references cited therein for more details
about experimental methods.

The present experiments were analyzed to find
preferential-diffusion/stretch interactions similar to the
earlier studies of outwardly-propagating spherical
laminar premixed flames described in Refs. 4-9. As
before, problems of flame thickness variations, curvature
and unsteadiness caused by variations in laminar
burning velocities with increasing flame radius were
minimized during data reduction by only considering
conditions where &p/rr <<l and effects of ignition
disturbances and radiative heat losses are small.”’ At
such conditions, the relationship between the laminar
burning velocity and flame stretch can be represented
conveniently by combining an early proposal of
Markstein'' and the “local conditions” hypotheses of
Kwon et al.,’ to yield:
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values of S, and Ka were found following Strehlow and

2 based on predicted bumed gas wvronerties
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found usmg the computer codes of McBride et al.”’ and

Revnnldq as described later.

Several other proposals have been made to
represent effects of flame stretch on laminar burning
velocities, see Refs. 1, 2 and 10 and references cited
therein; nevertheless, Eq. (1) is particularly convenient
because Ma has proven to be relatively constant for
wide ranges of Ka. Thus, S.. and Ma provide concise
measures of premixed flame propagation rates and
response to stretch that will be used to summarize the
findings of the present investigation. The small stretch
limit of Eq. (1) is also of interest, in order to connect
present results to classical asymptotic theories df
laminar premixed flame propagatio_?; this expression
can be found from Eq. (1) as foliows:’

a_<<1i )

2
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reduction is direct and does not involve the use of flame
structure madels that are difficult to fully define and are
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likely to be revised in the future, the characterization is
concise which facilitates its use by others, the positive

and negative ranges of Ma provide a direct indication of
stable and unstable flame surface conditions with respect
to effects of preferential diffusion, and the results can be
readily transformed to provide direct comparisons with
other ways to characterize premixed-flame/stretch
interactions. It should be noted, however, that the
present approach has only been applied to outwardly-
propagating spherical laminar premixed flames when
Op/r, effects of ignition disturbances and effects of
radiation are small. Thus, direct use of the present Ma
to characterize effects of flame stretch for other
circumstances should be approached with caution.

The properties of the laminar burning velocities of
premixed liquid-fuel-vapor/air mixtures for the present
liquid fuels have been considered during several
previous investigations, see Refs. 10, 15-29 and
references cited therein. Table 1 is a summary of the
main featwres of these studies, including: the
experimentai method and the ranges of unburned
mixture pressures fuel-equivalence ratios,
concentrations of oxygen in the non-fuel gas and
temperatures. Studies where laminar burning velocities
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flame/stretch interactions were found by reporting

Markstein lenoths or numbers. are also noted
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Bradley et al.'’ studied outwardly-propagating

laminar premixed flames, finding unstretched laminar
burning velocities and Markstein numbers for mixtures
of air and vapors of iso-octane and iso-octane/n-heptane
blends. Their methods of data reduction differed from
methods used here and in earlier related studies,*® but
their results do suggest strong response to stretch for
reactant mixtures fueled with hydrocarbon vapors.
Independent confiration of these results and
consideration of other fuel vapors, however, clearly is
needed due to the importance of these findings.
Law and coworkers” ™ also considered effects of
stretch on laminar burning velocities. They measured
laminar burning velocities for flames involving iso-
octane, methyi-aicohoi and ethyi-aicohoi vapors whiie
employing the counterflow twin flame technique.
Measurements at finite streich rates were extrapolated
using an empmcal techmque in order to find the
£
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flames. Flame response to stretch, however, was not
quantified during these studies.

The other experimental studies summarized in
Table 1 use a variety of techniques but do not consider
effects of stretch. Thus, the laminar burning velocities
that are reported involve considerable uncertainties
about effects of stretch, particularly in view of the strong
premixed-flame/stretch sensitivity observed for fuel
vapor/air flames by Bradley et al."

Due to the importance of premixed flames
involving  liquid-hydrocarbon-vapor/air ~ mixtures,
numerical simulations of such flames have received
considerable attention. Studies along these lines,
limited to detailed reaction mechanisms for
experimental conditions considered during the present
investigation, include Bradley et al,”® Law and
coworkers,”? Warnatz and coworkers,”**? Lindstedt
and Maurice,”' Peters and coworkers,”* and Held et
al’* The main features of these simulations are
summarized in Table 2, including: the reactant
mixtures considered, the numbers of species and
reactions included in the chemical mechanism, and the
initial temperature and pressure of the reactants.
Calculations using these detailed mechanisms are
limited to the laminar burning velocities of unstretched
flames. Law and coworkers® ™ and Milller et al.”* use
corresponding  stretch-corrected unstretched laminar
burning velocities to evaluate their predictions. The
remaining studies, however, compare predictions with
measurements of laminar burning velocities having
unknown effects of stretch which somewhat
compromises the evaluation. Numerical simulations of
premixed-flame/stretch  interactions using detailed
mechanisms require lengthy computation times and
none have yet been reported for the conditions
considered during the present investigation. Miiller et
al.,”” however, obtained predictions of premixed-
flame/stretch interactions for iso-octane-fueled flames
using a simplified approach that suggests rather strong
sensitivity to stretch, in qualitative agreement with the
measurements of Bradley et al.'®

Review of past work suggests that new
measurements of unstretched laminar burning velocities
and premixed-flame/stretch interactions are needed for
reactant mixtures fueled with vapors of liquid-
hydrocarbons. Thus, the present investigation had the
following objectives: (1) to measure the properties of
outwardly-propagating spherical laminar premixed
flames of liquid-hydrocarbon-vapor/O/N mixtures at
various pressures and standard temperature (298K), (2)
to reduce the measurements to find characteristic
laminar premixed flame properties (S.. and Ma), (3) to

3

compare the new measurements with existing
measurements and numerical  simulations as
summarized in Tables 1 and 2, and (4) to exploit the
new measurements to gain insight about premixed-
flame/stretch interactions. As noted earlier, present
measurements were limited to conditions where
S8p/r<<1 and radiative heat losses were small, in order
to avoid complications due to flame unsteadiness,
curvature and radiative transport; therefore, behavior
pear flammability limits and quenching conditions
could not be assessed.

Experimental Methods

The present experiments were carried out in the
spherical windowed chamber used for recent studies of
laminar-premixed-flame/stretch  interactions.”®  The
combustible mixture was prepared in the chamber and
then spark-ignited at the center of the chamber using
minimum spark ignition energies to control ignition
disturbances. The flames were observed using high
speed (up to 4000 pictures per second) motion picture
shadowgraphy. Once combustion was completed, the
chamber was vented and then flushed with air until it
cooled to the allowable initial temperature range of the
experiments (generally 298 + (3-5)K).

The test chamber was evacuated to begin preparing
a mixture for a test. The appropriate volume of liquid
fuel was then injected into the chamber using a gas-
tight syringe. After fuel injection, the chamber was
allowed to stand for 5-10 minutes to insure complete
evaporation of the fuel. The chamber was then filled
with air (or the desired O/N mixture) to the desired final
pressure and mixed for 10 minutes using a small metal
fan located within the chamber. After operation of the
fan was ended, the motion of the gas within the
chamber was allowed to decay for another ten minutes
before the mixture was ignited. Using these procedures,
the flame propagation process was spherically
symmetric with no evidence of significant flow
disturbances in the unburned gas.

The present measurements were limited to flames
having diameters greater than 10 mm to avoid ignition
disturbances. Measurements were also limited to flames
having diameters less than 60 mm, which implies
pressure increases within the gas mixture less than
0.4% of the initial gas pressure during the period where
flame propagation ratios were measured. Naturally, no
test results are reported in the following where the flame
surface was distorted or wrinkled due to effects of
buoyancy or flame instability. Measurements were
limited to Sp/rr < 2%, similar to Refs. 4-9, so that
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effects of curvature and transient phenomena associated
with large flame thickmesses were small. Finally,
estimates showed that radiative heat losses were less
than 5% of the rate of chemical energy release within the
flames, implying small effects of radiation on flame
properties. For these conditions, the laminar burning
velocity and flame stretch are given by the following
expressions

S = (py/pu)drddt, K = (2/rpdr/dt €))

The density ratio needed in Eq. (3) was computed
assuming adiabatic constant-pressure combustion with
the same fuel-equivalence ratio (or concentrations of
elements) in the unbumed and bumed gases. The
computations to find the density ratios were completed
using the algorithms of McBride et al.” and Reynolds™
with both yielding the same results. This approach
agrees with past determinations of the properties of
stretched laminar flames, see Refs. 4-9 and references
cited therein, however, use of the unstretched density
ratio in this way is a convention that ignores
preferential diffusion effects that modify local mixture
fractions and thermal energy transport and cause local
changes of the density ratios of stretched flames. The
convention is convenient, however, because a single
density ratio relates all flame speeds and laminar
burning velocities, present methods are unchanged from
earlier work which facilitates comparisons o
measurements, and the approach retrieves the cormrect
flame displacement velocity, dr¢/dt, for a particular flame
condition and Ka. Given reliable structure predictions
for various levels of stretch, however, density ratios
should be computed as a function of stretch so that the
actual laminar burning velocities and mass buming
rates of these flames can be estimated.

Final results were obtained by averaging the
measurements of 4-6 tests at each condition.
Experimental uncertainties were estimated as described
in Ref. 4 and references cited therein; the present
uncertainties (95% confidence) are as follows: Sy less
than 10%, Ka less than 20% and |Ma] less than 25% for
[Ma| > 1 and less than 25/|Ma|% for |Ma| < 1.

Present test conditions and major results are
summarized in Table 3 for combustion in air at
atmospheric pressure, in Table 4 for combustion in
various oxygen/nitrogen mixtures at atmospheric
pressure, and in Table 5 for combustion in air at
various pressures. The total test range includes n-
hexane, n-heptane, iso-octane, methyl-alcohol and
ethyl-alcohol as fuels, concentrations of oxygen in the
nonfuel portion of the mixture of 19-33% (by volume),

4

pressures of 0.5-2.0 atm., fuel-equivalence ratios of
0.80-1.60 and reactant gas temperatures of 298 + 5 K.

Resul { Di .
Flame Stability and Evolution

Three kinds of flame surface instabilities were
observed during the present investigation: preferential
diffusion instability, hydrodynamic instability and
buoyant instability. Preferential diffusion instability
(stability) was associated with negative (positive)
Markstein numbers because bulges of the flame surface
that are concave (convex) toward the combustion
products have positive (negative) Karlovitz numbers
(similar to Eq. (3) for spherical flames) and thus
increased (decreased) laminar burning velocities through
Eq. (1); as a result, the bulges grow (decay) and the
flame is unstable (stable) to preferential diffusion effects.
Hydrodynamic and buoyant instabilities were also
observed; they are associated with effects of accelerating
a light combustion product gas toward a heavy reactant
gas as the flame propagates and effects of gravity
introducing buoyant motion of the light combustion
product gas in its heavy gas surroundings.

Shadowgraph photographs of flame surfaces after
distortion by the three types of instabilities for
outwardly-propagating spherical flames appear in Kwon
et al.,* Aung et al.” and references cited therein. The
presence of preferential diffusion instability could be
identified by the development of irregular (chaotic)
distortions of the flame surface relatively early in the
flame propagation process. In contrast, hydrodynamic
instability could be identified by the development of a
somewhat regular cellular disturbance pattern on the
flame surface rather late in the flame propagation
process, similar to the observations of Groff”’ for
propane/air flames. Finally, the appearance of buoyant
instability was readily detected by distortion of the
flame as a whole from a spherical shape as well as a
tendency for the centroid of the flame image to move
upward. Measurements were ended when flame surface
distortions due these instabilities were observed.
Typical of past work,”® however, the onset of
preferential diffusion instability was sufficiently delayed
so that laminar burning velocities could be measured for
a time in any event. Similarly, the onset o
hydrodynamic and buoyant instabilities generally were
observed a radii larger than the range of the
measurements for present test conditions.

-V /Air Flai
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Buming Velocity/Stretch Interactions, Similar to
past observations,*” values of S, yielded linear plots
when plotted as a function of Ka according to Eq. (1).
This implies that the values of the Ma were
independent of Ka over the present test range and
provided a straightforward interpolation to Ka = 0 to
find S.... This procedure was used to find the values of
Si.. and Ma summarized in Tables 3-5. Then given S._,
plots of S../S, as a function of Ka were constructed as
suggested by Eq. (1). The resulting plots for fuel-
vapor/air flames at STP are plotted in Figs. 1-5 for
flames fueled with n-hexane, n-heptane, iso-octane,
methyl-alcohol and ethyl-alcohol, respectively. On these
plots, open symbols are used to denote neutral and
stable preferential-diffusion conditions (Ma = 0) while
darkened symbols are used to denote unstable
preferential-diffusion conditions (Ma < 0). The ranges of
the measurements for strongly unstable conditions
(large negative slopes or large negative Markstein
numbers) are more abbreviated than the rest due to the
relatively early transition to chaotically wrinkled flame
surfaces as a result of preferential-diffusion instability.

The results illustrated in Figs. 1-5 are qualitatively
similar to past findings for a variety of reactant
mixtures.*” The plots are linear, implying values of
Ma independent of Ka for each flame condition. Present
results involve rather modest values of flame stretch (Ka
< 0.2), however, and are not close to extinction
conditions where Ka would be on the order of unity and
flame response to streich is likely to change. Even for
the present modest ranges of Ka, however, preferential
diffusion/stretch interactions are substantial with values
of S;/S,. varying in the range 0.4-4.0. This implies
substantial potential for flame-surface/turbulence
interactions within turbulent premixed flames of these
reactants, with turbulent distortion of flame surfaces
being enhanced and retarded for unstable and stable
preferential diffusion conditions, respectively.’

The results illustrated in Figs. 1-5 indicate that
flame response to stretch is significantly greater for the
paraffin vapors than for the alcohol vapors, while all the
vapors tend to be stable (unstable) for fuel-lean (rich)
conditions, respectively. These trends are in qualitative
agreement with classical ideas about preferential
diffusion/stretch interactions and stability in laminar
premixed flames.*** In particular, fuel mass
diffusivities progressively decrease with increasing
molecular weight tending to increase the potential for
preferential diffusion effects for the paraffins compared to
the much lighter alcohols. Furthermore, fuel mass
diffusivities generally are smaller than the rest of the
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species in the flame which implies a tendency for the
mixture to become leaner with increasing stretch; this
tends to decrease (increase) laminar burning velocities
for fuel-lean (-rich) conditions, correspondingly leading
to stable (unstable) preferential diffusion behavior. Other
effects of flame temperatures and pressures on preferential
diffusion/stretch interactions, however, appear to
involve more complex behavior, as discussed later.

Unstretched [.aminar Buming Velocities. Values
of measured and predicted laminar bumning velocities are
plotted in Figs. 6-10 for flames fueled with n-hexane, n-
heptane, iso-octane, methyl-alcohol and ethyl-alcohol,
respectively. On these plots, measured values of laminar
burning velocities are indicated by symbols with
darkened symbols indicating stretch-corrected results to
find S;_. Predictions are shown as lines and all
calculations were carried out for unstretched flames.
Flame conditions for the various measurements and
predictions are summarized in Tables 1 and 2,
respectively. Among the measurements, the results of
Bradley et al.'° were actually obtained at 358 K, while
the results of Egolfopoulos et al.”’** have been
extrapolated to 298 K from measurements at
temperatures of 318-453 K; all other measurements
illustrated in Figs. 6-10 are for an unbumed gas
temperature of 298 K.

The stretch-corrected measurements of laminar
burning velocities of Bradley et al.'® for iso-octane (Fig.
8) are generally larger than the other stretch-corrected
results for this fuel due to Davis and Law®™ and the
present investigation. This behavior is expected,
however, due to the larger unburned gas temperature for
the results of Bradley et al.'® than the rest, e.g., 358 K
compared to 298 K. The agreement between the
remaining stretch-corrected laminar burning velocities of
Davis and Law” and the present investigation for the
various fuel vapors, however, generally is poorer than
past observations of stretch-corrected laminar burning
velocities for gaseous fuels. There are two major reasons
for this behavior: problems of vaporizing and mixing
liquid fuels tend to increase experimental uncertainties,
and extrapolation of the measurements of Egolfopoulos
et al?™ also increases experimental uncertainties.
Comparisons between the stretch-corrected and
uncorrected laminar burning velocities are hard to
quantify because experimental uncertainties generally are
not stated for the uncorrected measurements. The most
consistent trend, however, is that the uncorrected
laminar burning velocities tend to be larger than the
stretch-corrected results for both fuel-lean and fuel-rich
conditions.
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In view of the rather strong sensitivity of the present
flames to stretch, however, differences between the
stretch-corrected and uncorrected laminar burning
velocities are surprisingly modest. In general,
differences among the various predictions and the
various predictions and measurements are comparable,
suggesting less difficulties in predicting unstretched
laminar burning velocities than other flame properties.

Markstein Numbers, Measurements and predictions of
Markstein numbers for the fuel-vapor/air flames at
atmospheric pressure are plotted in Fig. 11.
Measurements shown in the figure include results from
Bradley et al.'® for iso-octane/air mixtures at an initial
temperature of 358 K and the present measurements for
all the fuel vapors at an initial temperature of 298 K.
Predictions of Miiller et al.** for iso-octane/air mixtures
at an initial temperature of 298 K are shown on the
plot; these predictions were obtained from a simplified
analysis as opposed to the detailed mechanism
summarized in Table 2. The agreement between the
measurements of Bradley et al.'° and the present
investigation is very good in spite of the different initial
temperatures; results considered later will show that the
somewhat reduced values of Markstein numbers at the
larger initial mixture temperature are quite reasonable.
The predictions of Markstein numbers due to Miller et
al.>* are only qualitatively correct, which is typical of
the performance of their simplified approach for other
heavy hydrocarbons.

The plots of Fig. 11 highlight the strong sensitivity
of the paraffin-fueled flames to  preferential
diffusion/stretch interactions due to the rather large
absolute values of these Markstein numbers, in the
range 30 to -20 after including the results of Bradley et
al."’ The corresponding sensitivity of the alcohol-fueled
flames to preferential diffusion/stretch interactions is
seen to be much weaker, with Markstein numbers only
in the range 0 to -5. The neutral preferential diffusion
condition (Ma = 0) is observed for fuel-equivalence
ratios of roughly 1.1-1.2 for all the fuel vapors, which
corresponds to the maximum laminar bumning velocity
conditions seen in Figs. 6-10. Finally, positive and
negative Markstein numbers, associated with stable and
unstable preferential diffusion behavior, are generally
observed for fuel-lean and fuel-rich conditions,
respectively. As noted earlier, all these trends are
consistent with classical ideas about preferential
diffusion/stretch  interactions based on simple
consideration of the preferential diffusion of the fuel
compared to other major gas species.

6

n-Hexane/O,/N; Elames at ST

Potential Behavior of Practical Flames, Most
practical premixed fuel-vapor/air flames operate with
considerably larger flame temperatures and pressures
than the test conditions considered thus far; therefore,
whether the strong preferential diffusion/stretch
interactions of the present flames with reactants at STP
conditions persist to practical flame conditions is an
issue. Effects of temperature on flame sensitivity to
preferential diffusion/stretch interactions are not well
known but past studies for a variety of fuels suggest
increased tendencies toward unstable flame behavior due
to preferential diffusion effects with increasing pressure,
see Hassan et al.* and references cited therein. Thus, to
gain more insight about this issue, effects of flame
temperature and pressure on the sensitivity of
hydrocarbon flames to preferential diffusion/stretch
interactions was studied experimentally considering n-
hexane/Oy/N; reactant mixtures. This information was
obtained by varying flame temperatures through changes
of O, concentrations in the nonfuel gases at STP, and
by varying flame pressures for fuel/air mixtures at ST.
These results will be considered next.

Effect of Temperature on Flame Response to Stretch.
Experiments undertaken to find the effect of flame
temperature on flame response to stretch are summarized
in Table 4. These results are illustrated in Figs. 12
and 13 for fuel-lean (¢=0.8) and stoichiometric
conditions, respectively. These figures consist of plots
of unstretched laminar burning velocities and Markstein
numbers as a function of oxygen concentration in the
nonfuel gases.

Increasing the flame temperature by increasing the
oxygen concentration yields a corresponding increase of
S... for the results illustrated in Figs. 12 and 13. This
behavior follows because increased flame temperatures at
a fixed pressure tend to increase radical concentrations
in the reaction zone of the flame. Then, based on the
well known proportionality between radical
concentrations in the reaction zone and laminar burning
veloc:ities,41 laminar buming velocities increase
accordingly.

The corresponding variation of Markstein numbers
with increasing flame temperatures seen in Figs. 12 and
13 is quite interesting. For both fuel-equivalence ratios,
the Markstein numbers initially decrease with
increasing flame temperature, and then asymptotically
approach Ma = 0. This behavior is particularly evident
for stoichiometric conditions in Fig. 13, where initial
values of the Markstein numbers are relatively small so
that the range of oxygen concentrations where Ma = 0 is
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relatively broad. This behavior suggests that increased
radical concentrations at increased flame temperatures
tends to reduce the sensitivity of the present flames to
effects of stretch. Naturally, this behavior is not
explained by classical preferential diffusion concepts as
described in Refs. 38 and 39.

Effect of Pressure on Flame Response to Stretch.
Experiments undertaken to find the effect of flame
pressure on flame response to stretch are summarized in
Table 5. These results are illustrated in Fig. 14 for
combustion in air at stoichiometric conditions. The
figure consists of plots of unstretched laminar burning
velocities and Markstein numbers as a function of
pressure.

Increasing the flame pressure yields a progressive
reduction of Sy_ for the results illustrated in Fig. 14.
This behavior follows due to increased rates of three-
body recombination reactions with increasing pressure
which tends to reduce radical concentrations in the
reaction zone of the flame. Then, the corresponding
proportionality between radical concentrations in the
reaction zone and laminar burning velocities,"
discussed earlier, implies reduced laminar buming
velocities with increasing pressure.

The associated variation of Markstein numbers with
increasing pressure is generally similar to past
observations for a variety of premixed flames, see Refs.
8 and 9 and references cited therein. In particular,
Markstein numbers progressively decrease and become
negative over wide ranges of fuel-equivalence ratios,
which enhances flame sensitivity to preferential-
diffusion/stretch instability. This increased sensitivity
for unstable behavior due to preferential-diffusion/stretch
interactions appears to be caused by reduced radical
concentrations in the reaction zone but the mechanism
of this behavior is not known and also is not explained
by classical preferential-diffusion/stability concepts. In
addition, whether the opposing effects of increased
temperatures and increased pressures enhances or retards
the sensitivity of practical flames to preferential-
diffusion/stretch interactions compared to laboratory
experiments for conditions near STP, remains an open
issue that clearly should be resolved.

Conclusions

Effects of positive flame stretch on laminar buming
velocities were studied experimentally for hydrocarbon-
vapor/O/N flames. The measurements were made for
outwardly-propagating spherical flames using methods
developed earlier.*’ Present measurements were
compared with the earlier measurements and detailed

7

numerical simulations in the literature summarized in
Tables 1 and 2, respectively. The present test
conditions and findings are summarized in Tables 3-5.
The major conclusions of the study are as follows:

1. Preferential-diffusion/stretch  interactions were
conveniently comrelated using the local conditions
hypothesis similar to past work,*® because this yielded
Markstein numbers that were relatively independent of
Karlovitz numbers. Present observations were limited
to Karlovitz numbers less than 0.2, however, and
greater variations of Markstein numbers can be
anticipated as quenching conditions are approached for
Karlovitz numbers near unity.

2. Preferential-diffusion/stretch  interactions were
substantial for heavy liquid hydrocarbon vapors,
yielding ratios of unstretched to stretched laminar
burning velocities in the range 0.4-4.0, even for the
present modest levels of stretch (Karlovitz numbers).

3. Various stretch-corrected measurements and
predictions of unstretched laminar burning velocities
exhibited poorer agreement for hydrocarbon-vapor
flames than earlier results for gaseous hydrocarbon
flames. This behavior is caused by increased
experimental uncertainties due to problems of
vaporizing and mixing liquid fuels and effects of
extrapolating measurements at elevated temperatures to
standard temperature conditions, as well as increased
computational uncertainties due to less well developed
chemical mechanisms for heavy hydrocarbon fuels.

4. Increasing flame temperatures tended to reduce flame
sensitivity to stretch while increasing pressures
increased tendencies toward preferential-diffusion
instability behavior. Thus, whether the strong
preferential-diffusion/stretch interactions observed for
heavy hydrocarbon flames at STP persist at the larger
pressures and temperatures of most practical
applications is an open issue that clearly merits
attention in the future.

5.  Preferential-diffusion instabilities were properly
observed when Markstein numbers were negative and
lead to the growth of irregular (chaotic) flame surface
disturbances early in the flame propagation process;
nevertheless, more regular (cellular) disturbances of
flame surfaces, typical of hydrodynamic instabilities,
were still observed at large flame radii when Markstein
numbers were positive.
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Table 1 Summary of Earlier Laminar Burning Velocity Measurements for Premixed Liquid-Fuel-

Vapor/O/N Flames

Source Method Pressure Equiv. O,conc. Temp.

(atm) Raio (% vol)’ X)
Gerstein ct al.'¢ Horizontal tube 1.0 1.01-1.29 21 298
Golovina and Fyodorov?' Bunsen burner 1.0 0.17-2.85 16-100 298
Gerstein et al.i° Horizontal mbe 1.0 0.99-1.34 21 298
Heimel and Weast® Bunsen burner 1.0 0.86-1.28 21 308-579
Gibbs and Calcote™ Bunsen burner 1.0 0.70-1.40 21  298&373
Davis and Law® Twin flame* 1.0 0.70-1.70 21 298
is0-0 /Al
Sachsse and Bartholome' Bunsen burner 1.0 1.07 21 293
Dugger and Graab" Bunsen burner 1.0 1.00-1.05  21-50 311&422
Franze and Wagnerl9 Bunsen bumer 1.0 1.09 21 293
Heimel and Weast® Bunsen bumner 1.0 0.85-1.18 21 298-707
Gibbs and Calcote™ Bunsen burner 1.0 0.80-1.30 21 298&373
Gillder® Spher.chamber 1.0-7.9 0.75-135 21 300-500
Metghalchi and Keck  Spher.chamber 0.4-50 0.80-1.50 16-21 298-700
Bradley et al.' Spher.chamber* 1.0-9.9 0.80-1.30 21 358-450
Davis and Law® Twin flame" 1.0 0.07-1.70 21 298
Methyl-Alcohol/Air.
Wiser and Hill" Horizontal tube 0.9 0.17-1.79  21-100 300
Franze and Wagner" Bunsen burner 1.0 1.09 21 293
Gibbs and Calcote™ Bunsen bumner 1.0 0.70-1.40 21 298&373
Gilder® Spher.chamber 1.0-7.9 0.70-1.40 21 300-500
Mel%ha.lch.i and Keck™  Spher.chamber 0.4-50 0.80-1.20 21 298-700
Egolfopoulos et al.” Twin flame" 1.0 0.50-1.97 21 298-368°
Ethyl-Alcohol/Air
Giilder® Spher.chamber 1.0-7.9 0.70-1.40 21 300-500
Egolfopoulos et al.* Twin flame* 1.0 0.55-1.82 21 298453

*Stretch-corrected laminar bumning velocities; Bradley et al.® also report Markstein numbers.
*Concentration of oxygen in the nonfuel gases.

“Extrapolated to reach 298 K.
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Table2 Summary of Earlier Laminar Burning Velocity Predictions
for Premixed Liquid Fuel-Vapor/Air Flames*

Source Fuel Vapors Temp. ___ Mechanism
* Considered (K) # Species #Reac.
Bradley et al.* methyl-alcohol 300 17 40
Egolfopoulos et al” - methyl-alcohol 298 30 171
Egolfopoulos et al.® cthyl-alcohol 298 kL1 196
Davis and Law®™ n-heptane, 298 69 406
iso-octane
Wammnatz® n-hexane, 298 31 97
n-heptane
Lindstedt and Maurice,™ n-heptane 298 109 659
Nehse et al.,*2 n-heptane 298 > 66 >197
Pitsch et al.® iso-octane 328 109 967
Held et al.,* n-heptane 298 41 266
Mitller et al. methyl-alechol 298 33 116
n-beptane 298 51 249
iso-octane 298 61 257

*Flame conditions are for one aim. and are summarized for results plorted here; see original sources
for complete range of flame conditions considered. Thcse predictions were for unstretched flames
having negligible heat losses although Miiller et al.** find premixed-flame/stretch interactions using

a simplified approach.

Table 3 Table of Test Conditions for Combustion in Air at Atmospheric Pressure®

¢ p/P, S S, L Kou Ka, Ma
(O TN O] (mm/s) (mm/s) (um) M ©) )
n-Hexane/air: 298 £ 3 K D =7.78 mm*/s

0.80 7.21 280 30 225 0.084 13.4
0.90 1.75 245 294 30 302 0.078 10.5
0.95 7.97 294 327 20 488 0.074 6.3
1.00 8.14 321 353 20 496 0.058 5.9
1.10 8.29 368 387 20 689 0.058 4.6
1.20 8.22 367 367 20 736 0.044 0.0
1.40 7.99 359 312 30 1,009 0.037 -8.7
1.60 1.74 268 167 50 649 0.034 -16.8
n-Hcptane.Ia.u‘ 298 3 K, D, =6.92 mm?:
0.90 1.77 244 297 20 283 0.102 15.1
1.00 8.16 275 315 20 394 0.067 10.2
1.10 8.30 335 364 20 505 0.051 72
1.20 8.24 378 382 20 813 0.044 1.1
1.40 8.02 370 333 20 956 0.033 -1.5
1.60 1.77 307 230 30 705 0.029 -15.1
iso-Octane/air- 298 + 3 K, D, = 6.60 mm/s:
0.90 71.76 203 247 30 166 0.153 16.8
1.00 8.16 262 312 20 344 0.083 12.8
1.10 8.30 2838 325 20 446 0.061 8.3
1.20 8.23 317 336 20 476 0.037 3.9
1.40 8.00 307 290 20 613 0.035 -5.5
1.60 1.74 288 195 30 514 0.028 -16.5
Methyl-alcohol/air: 298 +3 K, D, = 15.38 mmYs:
0.80 7.17 244 244 60 567 0.149 0.0
0.90 7.65 305 305 50 831 0.132 0.0
1.00 8.00 353 353 40 987 0.124 0.0
1.10 8.11 410 402 40 1,209 0.098 -0.5
1.20 8.04 440 401 40 1,334 0.072 -3.4
1.40 7.85 433 361 40 1,298 0.068 4.9
Et.hyl alcohol/axr 298 5K, D, = 11.95 mm¥s:

19 249 249 50 675 0.131 0.5
0 90 7 7l 300 300 40 817 0.107 0.2
1.00 8.09 331 331 40 930 0.100 0.0
1.10 B.21 396 382 30 1,247 0.084 -1.0
1.20 8.14 399 376 30 1,371 0.074 -2.8
1.40 7.92 390 343 30 1,426 0.065 -5.0

*Reactants at 1.0 atm.

11
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Table 4 Summary of Test Conditions for n-Hexane/O,/N, Flames®

O/ON)  pJp, S S B Kus Ki, M
(%) © (mm/s) (mm/s) (rm) P ) G
¢=0.8:
21 7.21 231 280 30 225 0.084 13.4
23 763 284 kYL 20 392 0.067 8.5
25 8.02 392 422 20 599 0.043 6.1
27 8.37 482 501 20 862 0.037 43
29 8.68 573 583 10 1,120 0.027 25
31 8.97 611 611 10 1,230 0.026 0.0
33 9.23 706 706 10 1,468 0.023 0.0
¢=10:
19 7.71 240 268 30 337 0.072 6.2
21 8.14 321 353 20 496 0.058 59
23 8.53 412 434 20 757 0.043 4.5
25 8.89 504 504 20 992 0.030 0.0
27 9.21 583 582 10 1,152 0.025 -0.1
29 9.51 679 680 10 1,329 0.023 0.2
3l 9.80 764 764 10 1,585 0.021 0.0

"Reactants at 298 £ 4 K and 1.0 atm., D, = 7.78 mm'/s.

Table 5 Summary of Test Conditions for n-Hexane/Air Flames at Various Pressures®

PPy s S.- & Kau Ka,, Ma
(am) () (mm/s) (mm/s) (um) s _ G ©)
¢=1.0
0.5 8.08 374 440 40 399 0.098 71
1.0 8.14 321 353 20 496 0.058 59
1.5 8.17 304 312 20 568 0.036 2.0
20 8.20 291 291 10 547 0.026 -0.2

*Reactants at 298 + 3 K, D, = 7.78/P(aun) mm*/s.
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Fig. 1 Measured laminar burning velocities as a  Fig. 2 Measured laminar buming velocities as a

function of Karlovitz number and fuel- function of Karlovitz number and fuel-
equivalence ratio for n-hexane/air flames at equivalence ratio for n-heptane/air flames at
STP. STP.
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Fig. 3 Measured laminar burning velocities as a
function of Karlovitz number and fuel-
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at STP.
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Fig. 5 Measured laminar buming velocities as a
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equivalence ratio for ethyl-alcohol/air
flames at STP.
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Fig. 4 Measured laminar bumning velocities as a
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function of Karlovitz number and fuel-
equivalence ratio for methyl-alcohol/air flames
at STP.
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Measured and predicted laminar buming
velocities as a function of Karlovitz number
and fuel-equivalence ratio for iso-octane/air
flames at STP. Measurements of Sachsse and
Bartholome," Dugger and Graab," Franze and
Wagner,” Heimel and Weast,”® Gibbs and
Calcote,? Giilder,® Metghalchi and Keck*
Bradley et al.,® Davis and Law® and the present
investigation; predictions of Davis and Law,”
Pitsch et al.,® and Miiller et al.**
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Measured laminar burning velocities as a
function of fuel-equivalence ratio for ethyl-
alcohol/air flames at STP. Measurements of
Giilder, Egolfopoulos et al.?® and the present
investigation; predictions of Egolfopoulos et
al®
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Fig. 11  Measured and predicted Markstein numbers  Fig. 12  Effect of oxygen concentration on measured

as a function of fuel-equivalence ratio for laminar burning velocities and Markstein
liquid-fuel/air flames at STP. numbers of n-hexane/O,/N, flames at a fuel-
Measurements of Bradley et al.' and the equivalence ratio of 0.8 and STP.

present investigation; predictions of

Miiller et al.*
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Fig. 13  Effect of oxygen concentraion on  Fig. 14  Effect of pressure on measured laminar burning

measured laminar burning velocities and velocities and Markstein numbers of n-
Markstein numbers of n-hexane/O,/N, hexane/air flames at a fuel-equivalence ratio of
flames at a fuel-equivalence ratio of 1.0 1.0 and a temperature of 298 K.
and STP.
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