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Absaact 

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 
carried 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 0X0- 1.60 and reactant mixture 
temperatures of 298 zb 5K. The present flames were 
very sensitive to flame stretch, yielding ratios cf 
unstretched to stretched laminar burning velocities in 
the range 0.4-4-O 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 fireI- 
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 d 
preferential-diffusion instability as evidenced by the 
appearance of chaotically-distorted (wrinkled) flame 
surfaces early during the flame propagation process. 
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mass diffusivity 
flame stretch or normalized increase of 
flame surface area, Eq. (3) 
Karlovitz number, KD,,&* 
Markstein length 
Markstein number, Ll& 
pressure 
flame radius 
laminar burning velocity based on 
unburned gas properties 
value of SL at the largest radius 
observed 
time 
temperature 
characteristic flame thickness, D&L 
density 
fuel-equivalence ratio 

burned gas 
maximum observed value 
unburned gas 
unstretched flame condition 

oduction 

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 tbe vapors of liquid fuels that are important fhr 
many practical applications, e.g., aerospace and ground 
transportation systems, among others. Thus, the 
objective of the present investigation was to study 
premixed-flame&retch 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 burning velocities of unstretched 
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flames and the sensitivity of laminar burning velocities 
to flame stretch as characterized by Markstein numbers. 
Experimental conditions included non-fuel gases 
consisting of oxygen/nitrogen mixtures with 
concentrations of oxygen of 19-33% by volume, 
pressures of 052.0 atm., fuel-equivalence ratios cf 
0.80-1.60 and reactant mixture temperatures of 298 Z!Z 
5K. 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 Wrr <cl 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 d 
Ma&stein” and the “local conditions” hypotheses B 
Kwon et a1.,4 to yield: 

&,I& = 1 + MaKa (1) 

where the dimensionless Karlovitz, Ka, and Markstein, 
Ma, numbers characterize flame stretch, and the 
response of the flame to stretch, respectively. The 
values of SL and Ka were found following Strehlow and 
Savage,” based on predicted burned gas properties 
found using the computer codes of McBride et al.13 and 
Reynolds, I4 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 fcr 
wide ranges of Ka. Thus, SL 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 d 
laminar premixed flame propagation; this expression 
can be found Corn Eq. (1) as follows:’ 

SL/SL= 1 -MaXa,, Ka,<<l (2) 

where Ma, = Ma has been observed for relatively wide 
ranges of Ka as noted earlier. Other advantages of the 
present characterization of premixed-flame/stretch 
interactions can be summarized as follows:’ data 
reduction is direct and does not involve the use of flame 
structure models that are difficult to fully define and ate 
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 d 
stable and unstable flame surface conditions with respect 
to eff&ts of preferential diffusion, and the results can be 
readily transformed to provide direct comparisons with 
other ways to characterize premixed-flame&-etch 
interactions. It should be noted, however, that the 
present approach has only been applied to outwardly- 
propagating spherical laminar premixed flames when 
Wrr, effects of ignition disturbances and efWs ti 
radiation are small. Thus, direct use of the present Ma 
to characterize eff&s of flame stretch for other 
circumstances should be approached with caution. 

The properties of the laminar burning velocities cf 
premixed liquid-fuel-vapor/air mixtures for the present 
liquid fiels have been considered during several 
previous investigations, see Refs. 10, 15-29 and 
references cited therein. Table 1 is a summary of the 
main feahues of these studies, including: the 
experimental method and the ranges of unburned 
mixture pressures, fuel-equivalence ratios, 
concentrations of oxygen in the non-fuel gas and 
temperatures. Studies where larninar burning velocities 
were corrected for stretch, and where premixed- 
flame&re~ch interactions were found by reporting 
Markstein lengths or numbers, are also noted. 

Bradley et al.” studied outwardly-propagating 
laminar premixed flames, fmding 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 fa 
reactant mixtures fueled with hydrocarbon vapors. 
Independent confirmation of these results and 
consideration of other fuel vapors, however, clearly is 
needed due to the importance of these findings. 

Law and coworkers27-29 also considered eff&ts cf 
stretch on laminar burning velocities. They measured 
laminar burning velocities for flames involving iso- 
octane, methyl-alcohol and ethyl-alcohol vapors while 
employing the counterflow twin flame technique. 
Measurements at finite stretch rates were extrapolated 
using an empirical technique in order to find the 
fundamental laminar burning velocities of unstretched 
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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 games 
illvolving liquid-hydrocarbon-vapor/air mixtures, 
numerical simulations of such flames have received 
considerable attention. Studies along these lines, 
limited to detailed reaction mechanisms ti 
experimental conditions considered during the present 
investigation, include Bradley et al.,% Law and 
coworkers,n’29 Wamatz and coworkers,30.32 Lindstedt 
and Maurice,3’ Peters and coworkers,3”s and Held et 
aL3’ The main features of these simulations ate 
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 coworkers27-29 and Mtiller et aL3’ 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 d 
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. Muller et 
a1.,3s however, obtained predictions of premixed- 
flame/stretch interactions for iso-octane-fueled games 
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 ti 
reactant mixtures fueled with vapors of liquid- 
hydrocarbons. Thus, the present investigation had the 
following objectives: (1) to measure the properties d 
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 (SL and Ma), (3) to 

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&retch interactions. As noted earlier, present 
measurements were limited to conditions where 
S&fi<I and radiative heat losses were small, in order 
to avoid complications due to flame unsteadiness, 
cmvature and radiative transport; therefore, behavior 
near flammability limits and quenching conditions 
could not be assessed. 

enmet&d Methods 

The present experiments were carried out in the 
spherical windowed chamber used for recent studies d 
laminar-premixed-flame/stretch interactions.cg 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 f (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 d 
buoyancy or flame instability. Measurements were 
limited to &,/rr .S 2%, similar to Refs. 4-9, so that 
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e&c& of curvature and transient phenomena associated 
with large flame thicknesses 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 eftizcts of radiation on flame 
properties. For these conditions, the laminar burning 
velocity and flame stretch are given by the following 
expressions”’ 

SL = (pdp&Wdt, K = (Urr)drddt (3) 

The density ratio needed in Eq. (3) was computed 
assuming adiabatic constant-pressure combustion with 
the same fuel-equivalence ratio (or concentrations cf 
elements) in the unbumed and bumed gases. The 
computations to find the density ratios were completed 
using the algorithms of McBride et al.13 and Reynolds” 
with both yielding the same results. This approach 
agrees with past determinations of the properties af 
stretched laminar flames, see Refi. 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 mixhue 
f&tions 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 d 
measurements, and the approach rehieves the correct 
flame displacement velocity, dr,./df 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 burning 
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: SL less 
than lo%, Ka less than 20% and IMal less than 25% f& 
JMaJ > 1 and less than 25/IMal% for IMal < 1. 

hesent 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), 

pressures of 0.5-2.0 atm., fuel-equivalence ratios d 
0.80-I .60 and reactant gas temperatures of 298 f 5 K. 

. . 1SCUS~ 

Flame Stabilitv and Evob 

Three kinds of flame surf&e 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 s&ce 
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 ditiion effzcts. 
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 effzds of gravity 
introducing buoyant motion of the light combustion 
product gas in its heavy gas surroundings. 

Shadowgraph photographs of flame surfaces atIer 
distortion by the three types of instabilities ti 
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 contrasf 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 Grow?’ Sx 
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 d 
preferential diffusion instability was suff&ntly delayed 
so that laminar burning velocities could be measured f& 
a time in any event. Similarly, the onset d 
hydrodynamic and buoyant instabilities generally wae 
observed a radii larger than the range of the 
measurements for present test conditions. 

Fuel-Vaoor/Air Flames at STP 
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in9 VelociWStretch Interactions, Similar to 
past observations,4Q values of SL 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 SL. This procedure was used to fmd the values cf 
St and Ma summarized in Tables 3-5. Then given SL. 
plots of SrJSL 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. l-5 for 
flames fueled with n-hexane, n-heptane, isooctane, 
methyl-alcohol and ethyl-alcohol, respectively. On these 
plots, open symbols are used to denote neutral and 
stable preferential-diffusion conditions (Ma 2 0) while 
darkened symbols are used to denote unstable 
preferential-diffusion conditions (Ma < 0). The ranges cf 
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 preferentialdiffusion instability. 

The results illustrated in Figs. l-5 are qualitatively 
similar to past findings for a variety of reactant 
mixtures.cQ The plots are linear, implying values aE 
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 stretch is likely to change. Even 6cr 
the present modest ranges of Ka, however, preferential 
diffusion/stretch interactions are substantial with values 
of SL/SL- varying in the range 0.4-4.0. This implies 
substantial potential for flame-surface/turbulence 
intern&ions 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.4 

The results illustrated in Figs. l-5 indicate that 
flame response to stretch is significantly greater for the 
paraffm 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 
difhrsionlstretch interactions and stability in laminar 
premixed flames.3BJ9 In particular, fuel mass 
diffusivities progressively decrease with increasing 
molecular weight tending to increase the potential ti 
preferential diffusion effects for the par&hi compared to 
the much lighter alcohols. Furthermore, fuel mass 
diffusivities generally are smaller than the rest of the 

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. 

mtched Laminar Bumino, Velocities, Values 
of measured and predicted laminar burning velocities are 
plotted in Figs. 6-10 for flames fueled with n-hexane, n- 
heptane, iso-octane, methyl-alcohol and ethyl-alcohol, 
respectively. OTI these plots, measured values of laminar 
burning velocities am indicated by symbols with 
darkened symbols indicating stretch-corrected results to 
tid SL. 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 ti 
Bradley et al.” were actually obtained at 358 K, while 
the results of Egolfopoulos et al.27*28 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 unburned 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 Law2’ and the 
present investigation. This behavior is expected, 
however, due to the larger unburned gas temperature fbr 
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 Lawm 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 hvo major teaSons 
for this behavior: problems of vaporizing and mixing 
liquid fuels tend to increase experimental uncertainties, 
and extrapolation of the measurements of Egolfopoulos 
et a1.27*28 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 
ve@cities are surprisingly modest. In general, 
diff&ences 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. 

tein Numbers, Measurements and predictions d 
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 ti 
all the fuel vapors at an initial temperature of 298 K. 
Predictions of MUller et al.” for iso-octane/air mixtures 
at an initial temperature of 298 K are shown on the 
plot; these predictions were obtained f?orn 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 di&rent 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 Mtiller et 
al.” are only qualitatively correct, which is typical of 
the performance of their simplified approach for other 
heavy hydrocarbons.33’40 

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 difi%sion 
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 burning velocity 
conditions seen in Figs. 6-10. Finally, positive and 
negative Markstein numbers, associated with stable and 
unstable preferential diffusion behavior, are generally 
observed fbr fuel-lean and fuel-rich conditions, 
respectively. As noted earlier, all these trends ace 
consistent with classical ideas about preferential 
diffusion&retch interactions based on simple 
consideration of the preferential diffusion of the f&l 
compared to other major gas species. 

ral Rehavlor of Practical Fw Most 
practical premixed fuel-vapor/air flames operate with 
considerably larger flame temperatures and pressures 
than the test conditions considered thus f@ therefore, 
whether the strong preferential diffusion&retch 
interactions of the present flames with reactants at STP 
conditions persist to practical flame conditions is an 
issue. Effecls of temperature on flame sensitivity to 
preferential diffusion&retch interactions are not well 
known but past studies for a variety of fuels suggest 
increased tendencies toward unstable flame behavior due 
to preferential mien effazts 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 cf 
hydrocarbon flames to preferential diffusion&retch 
interactions was studied experimentally considering n- 
hexane/OJNz reactant mixtures. This information was 
obtained by varying flame temperatures through changes 
of 02 concentrations in the nonfuel gases at STP, and 
by varying flame pressures for fuel/air mixtures at ST. 
These results will be considered next. 

e to Stretch. 
Experiments undertaken to find the e&t of flame 
temperature on flame response to stretch are summarized 
in Table 4. These results are illustrated in Figs. 12 
and 13 for fiel-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 cf 
SL 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 behveen radical 
concentrations in the reaction zone and laminar burning 
velocities, ” laminar burning velocities increase 
accordingly. 

The corresponding variation of Markstein numbers 
with increasing flame temperatures seen in Figs. 12 and 
13 is quite interesting. For both tiel-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 
eff&% of stretch. Naturally, this behavior is not 
explained by classical preferential diffusion concepts as 
described in Refs. 38 and 39. 

e on Flame ResDonse to Stretch, 
Experiments undertaken to find the eff‘ect of flame 
pressure on flame response to stretch are summarized in 
Table 5. These results are illustrated in Fig. 14 ti 
combustion in air at stoichiometric conditions. The 
figure consists of plots of unstretched laminar burning 
velocities and Markstein numbers as a function d 
pR%SllE. 

Increasing the flame pressure yields a progressive 
reduction of SL fix 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,4’ 
discussed earlier, implies reduced laminar burning 
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 ef&s 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 

Eff&ts of positive flame stretch on laminar burning 
velocities were studied experimentally for hydrocarbon- 
vapor/O/N flames. The measurements were made ti 
outwardly-propagating spherical flames using methods 
developed earlier.cg Present measurements were 
compared with the earlier measurements and detailed 

numerical simulations in the literature summarized in 
Tables 1 and 2, respectively. The present test 
conditions and fmdings are summarized in Tables 3-5. 
The major conclusions of the study are as follows: 
1. Preferential&ion/stretch interactions were 
conveniently correlated using the local conditions 
hypothesis similar to past work,Cg because this yielded 
Markstein numbers that were relatively independent aE 
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 ti 
Karlovitz numbers near unity. 
2. Preferential-diffusion/stretch interactions were 
substantial fix 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 cf 
vaporizing and mixing liquid fuels and eff&s 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/s@etch interactions observed t?r 
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. Preferentialdifl%sion instabilities were properly 
observed when Markstein numbers were negative and 
lead to the growth of irregular (chaotic) flame su&ce 
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 Ixninar Burning Velocity Measucrwnu for Premixed Liquid-Fuel- 
vapor/o/N Flames 

sourcc ’ MCW PrCSSurC Equiv. 0 cow. Temp. 
c-1 hi0 (9 vol.)’ w 

Gca1ein et al.‘6 Horizontal tuk 1 .O 1.01-1.29 298 
Golovina and Fyodoro$’ Bunsen burner 1.0 0.17-2.85 &I 298 

e 
Hcimcl and \ireast= 
Gibbs and Calcote= 
Davis and Lw= 

Saclusc and Banbolome’ 
Dugger and Graab” 
F-and Wagner19 
Hcimel and Wez%= 
Gib%r”d Calcot? 

Met&al&i and Keel? 
Bdlcy e1 al.‘” 
Davis and Law= 

Horizonral n~bc 
Bunsen burner 
Bunser~ burner 
Twin flame’ 

1.0 

::: 
1.0 

‘Bunsen burner 1 .O 
Bunsen burner 1.0 
Bunsen burner 1.0 
Bunsen burner 1.0 
Bunsen burner 1.0 
Spher.chamlxr 1.0-7.9 
Spher.chamkr 0.4-50 
Spher.chamber’ 1.0-9.9 
Twin flame’ 1.0 

Wiser and Hill” Horizonml hlbc 0.9 
F- and Warner” Bunsen burner 1.0 
Gibbs and Calc’o~ca 
GUldc? 

Bunsen burner 1.0 
Sphcr.chambcr 1 .O-7.9 
Sphcrxhambcr 0.4;~ii 
Twin flame’ 

Giildel] 
Egolfopoulos et aI.= 

Spher.chamkr I .0-T:: 
Twin flame’ 

0.99-1.34 
0.86-1.28 

298 
308-579 

0.70- I .40 21 2988r373 
0.70-1.70 21 298 

1.07 
I .oo- 1.05 
1.09 
0.85-1.18 
0.80-1.30 
0.75-1.3s 
0.80-1.50 
0.80- 1.30 
0.07-1.70 

293 
311t422 

293 
298-707 

298&373 
300-500 
298-700 
358-450 

298 

0.17-1.79 21-100 3cm 
1.09 21 293 
0.70-1.40 21 29at373 
0.70-1.40 ;: 300-500 
0.80-1.20 298-700 
0.50- 1.97 21 298-368’ 

0.70-1.40 
0.55- 1.82 

300-500 
f f 298453’ 

‘Suetcb-concctcd laminar burning velocities; Bradley CI al.” &o rcpon Ma&stein numbers. 
~Conceoudtion of oxygen in the nonfuel gzes. 
‘Exuqxdared to reach 298 K 
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T&k 2 Summary of Enrlicr Lamiw Burniog Velairy Pmdictian~ 
for Remixed Liquid Fuel-Vapor/Air Flames’ 

Fuel Vapors Temp. ?Yl- 
Considered W W Species IIRGIC. 

Bradky et al.= 

Egolfopdos et al.= 

Egolfopoulos u d.’ 

Davis and bw= 

Lindstd and hkoricc,” 

Nebse et al..” 

Pits& cl al.- 

Held et al.,% 

MUUu er aL” 

methyl-alcohol 

IMhyl-dCOhOl 

elhyl-alcohol 

n-kp-c. 
iso-awc 

n-kpfanc 

methyl-alcohol 
n-kpme 
‘iW-CCtanC 

300 

298 

298 

298 

298 

298 

298 

328 

298 

298 
298 
298 

I7 

30 

35 

69 

31 

109 

>66 

109 

41 

i: 
61 

40 

171 

1% 

406 

97 

659 

> 197 

967 

266 

116 
249 
257 

‘Flame conditions M for one ams and are summacized for resulu plorted hcrr; see original so- 
for complc~~ range of flame conditions considered. These predictions were for unsuetchcd flames 
having negligibk beat losvr altbough MiAler et aI.= fmd prcmix&flam&@uh inr~ractions using 
a simplified spproacb 

Table 3 Table of Tst Conditions for Combustion in Air at Amnsph&c e’ 

0 P/P, S’b L a, L Ke,hla 
C-1 - (4 (mJw (ds) elm) (s-9 C-1 C-1 

n-Hcxane/air: 298 zt 3 K. D. = 1.18 mn?ls 
0.80 7.21 231 2m-l 
0.90 7.75 245 294 
0.95 7.97 294 327 
1.00 a. 14 321 353 
1.10 a.29 368 387 
1.20 a.22 367 367 
1.40 7.99 359 312 
1.60 7.74 268 167 

225 
302 
488 
496 
689 
736 

1,009 
649 

0.084 
0.078 
0074 
0.058 
0.058 
0.044 
0.037 
0.034 

13.4 
10.5 
6.3 
5.9 
4.6 
0.0 

-8.7 
-16.8 

6.92 mm=ls: 
297 
315 

E 
333 
230 

iso-Ckmdair: 298 f 3 K D. = 6.60 mm’/s: 

0.90 7.76 203 1.00 8.16 262 E 
1.10 a.30 
1.20 a.23 Et E 
1.40 a.00 307 290 
I .60 7.74 288 195 

Merhyl-alcohol/air 298 f 3 K Du = 15.38 mn?/s: 
0.80 1.17 
0.90 7.65 %i i: z 
1.00 353 353 40 
1.10 i:K 410 

2: 
40 

1.20 a.04 440 40 
I .40 7.85 433 361 40 

Wyl-akoboYair 298 f 5 y D. = 11.95 m&/s: 
0.80 7.19 249 249 
0.90 7.71 :: 
1.00 a.09 3: E 40 
1.10 8.2 1 396 382 
1.20 a.14 399 376 %I 
1.40 7.92 390 343 30 

E 
505 
813 
956 
705 

0.102 
0.067 
0.051 
0.044 
0.033 
0.029 

15.1 
10.2 
7.2 

.::: 
-15.1 

166 0.153 16.8 
344 0.083 12.8 
446 0.061 8.3 
476 0.037 3.9 
613 0.035 -5.5 
514 0.028 -16.5 

567 0.149 0.0 
831 0.132 0.0 
987 0.124 0.0 

1,209 0.098 -0.5 
1.334 0.072 -3.4 
1,298 0.068 A.9 

675 0.131 0.5 
817 0.107 0.2 
930 0.100 0.0 

1.241 0.084 -1.0 
1.371 0.074 -2.8 
1,426 0.065 -5.0 
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Table 4 Summary of Td Conditions for q -HcxadO&Flamd 

(W C-1 (mm (mmls) 0 (5“) C-1 6) 

$ = 0.8: 

z 7.21 7.63 

E 8.02 8.37 

E 8.68 8.97 
33 9.23 

() = 1.0: 

:: 7.71 8.14 

ii 8.53 8.89 

ii 9.21 9.5 1 
31 9.80 

231 
El 
482 

2: 
706 

240 
321 
412 

E-i 
679 
764 

280 30 225 0.084 

2i ii 392 0.067 0.043 
501 20 z 0.037 
583 10 1,120 0.027 
611 10 1.230 0.026 
706 10 1.468 0.023 

268 
353 
434 
5w 
582 
680 
764 

337 0.072 
496 0.058 

2 757 992 0.043 0.030 
:x 1.329 1,152 0.023 0.025 

10 I.585 0.02 1 

13.4 

ii: 
4.8 

;?I 
010 

6.2 
5.9 
4.5 

-:y 
0:2 
0.0 

'Rcacuntsat298f4 K and l.Oam~.D,=7.78mm=ls. 

Table 5 Summary of Test Conditions for II-Hexandti Flames at Variw Prcsur& 

P 

(=Q 

I$ = 1.0: 

0.5 8.08 374 
1.0 8.14 321 

l% ii 399 0.098 7.1 
496 0.058 5.9 

1.5 8.17 
z': 

312 20 568 0.036 2.0 
2.0 8.20 291 10 547 0.026 -0.2 

'Rcactamat298f3 KD,=7.78/P(am)mm*/s. 

0.0 
0.00 0.02 0.04 0.06 0.08 0.10 

KARLOVITZ NUMBER 

Fig. 1 Measured laminar burning velocities as a 
function of Karlovitz number and fuel- 
equivalence ratio for n-hexanekr flames at 
STP. 

2.5 

C7HlS/AIR FLAMES P=lATM&T=298K 
MEASUREMENTS 

2.0 

0.0 
0.00 0.02 0.04 0.06 0.06 0.10 

KARLOWl NUMBER 

Fig. 2 Measured laminar burning velocities as a 
function of Karlovitz number and fuel- 
equivalence ratio for n-heptanekr flames at 
STP. 

- 
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CCBHl8IAIR FlAMES Q P = 1 ATM &T - 298 K 
MEASUREMENTS 

1.0 

o.oE I UNSTABLE 

KARLOVrrZ NUMBER 

0.00 0.04 0.06 0.12 0.16 

Fig. 3 Measured laminar burning velocities as a 
function of Karlovitz number and fuel- 
equivalence ratio for iso-octane/air flames 
at SIP. 

2.0 YiL7-J CZHSOHlAlR FLAMES Q P = 1 ATM &T = 298 K 

0.8 =o 

5!f 1.0 

2 

o.ol 0.00 0.04 0.06 0.12 0.16 

KARLOVITZ NUMBER 

Fig. 5 Measured laminar burning velocities as a 
function of Karlovitz number and fuel- 
equivalence ratio for ethyl-alcohol/air 
flames at STP. 

STABLE 

0.5 

t 

UNSTABLE 

r 
0.0 1 I I I I I I I I 

0.00 0.04 0.08 0.12 0.16 

KARLOVR NUMBER 

Fig. 4 Measured laminar burning velocities as a 
function of Karlovitz number and fuel- 
equivalence ratio for methyl-alcohol/air flames 
at STP. 

1ZOOl , , , , , I I I I ( 

C6H14,AIR FLAMES @P = 1 ATM &T =299 K 

SOURCE SYMBOL 

1000 - 
MEASUREMENTS: 

PRESENT . 

GOLOVINA B MOOOROV (1957) 0 
- GERSTEIN ET AL (1951) 0 

PREDICTIONS: 

800 - 
WARNAlZ (1984) 

STRETCH SYMBOL 

_ UNCORRECTED OPEN 
CORRECTED SOLID 

600 - 

400 

I 
200 

1 

0 I I I I I I I l l 
0.0 0.4 0.8 1.2 1.6 2.0 

FUEL-EQUIVALENCE RATIO 

Measured and predicted laminar burning 
velocities as a function of Karlovitz number 
and fuel-equivalence ratio for n-hexanekr 
flames at STP. Measurements of Gerstein et 
al.,” Golovina and Fyodoro*’ and the present 
investigation; predictions of WamatzN 
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Measured and predicted laminar burning 
velocities as a function of Karlovitz 
number and fuel-equivalence ratio for n- 
heptan&ir flames at STP. Measurements 
of Gerstein et a1.,16 Heimel and WeasfZO 
Gibbs and Calcote,” Davis and Las and 
the present investigation; predictions of 
Davis and Law,= Wamatz,m Lindstedt and 
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Fig. 10 Measured laminar burning velocities as a 
function of fuel-equivalence ratio for ethyl- 
alcohoL/air flames at STP. Measurements of 
Gtilder,13 Egolfopoulos et al.” and the present 
investigation; predictions of Egolfopoulos et 
al .2* 
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Fig. 13 Effect of oxygen concentration on 
measured laminar burning velocities and 
M&stein numbers of n-hexane/O& 
flames at a fuel-equivalence ratio of 1.0 
and STP. 
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Fig. 12 Effect of oxygen concentration on measured 
laminar burning velocities and Markstein 
numbers of n-hexane/O,/N, flames at a fuel- 
equivalence ratio of 0.8 and SIP. 
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Fig. 14 Effect of pressure on measured laminar burning 
velocities and Markstein numbers of n- 
hexane/air flames at a fuel-equivalence ratio of 
1.0 and a temperature of 298 K. 
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