
479

JOURNAL OF PROPULSION AND POWER

Vol. 14, No. 4, July– August 1998

Properties of Laminar Premixed Hydrocarbon/Air Flames
at Various Pressures

M. I. Hassan,* K. T. Aung,† O. C. Kwon,‡ and G. M. Faeth§
University of Michigan, Ann Arbor, Michigan 48109-2140

Outwardly propagating spherical laminar premixed � ames were experimentally and computationally
used to � nd the sensitivities of laminar burning velocities to � ame stretch, represented by Markstein
numbers, and the fundamental laminar burning velocities of unstretched � ames. Conditions considered
included ethane, ethylene, and propane/air � ames at fuel-equivalence ratios of 0.8– 1.6, and pressures of
0.5– 4.0 atm at normal temperatures. Predictions were limited to unstretched (plane) � ames using mech-
anisms based on GRI-Mech, � nding reasonably good agreement between measurements and predictions.
An interesting experimental � nding was that Markstein numbers tended to become negative over broader
ranges of fuel-equivalence ratios as the pressure increased, suggesting a greater propensity toward un-
stable combustion because of preferential-diffusion effects at the elevated pressures of interest for most
practical applications.

Nomenclature
D = mass diffusivity
K = � ame stretch or the normalized rate of increase of

� ame surface area, Eq. (4)
Ka = Karlovitz number, 2KD /Su L

L = Markstein length, Eq. (1)
Ma = Markstein number, L /dD

P = pressure
rf = � ame radius
SL = laminar burning velocity based on unburned gas

properties
S9L = value of SL at largest radius observed
t = time
dD = characteristic � ame thickness, D /Su L

r = density
f = fuel-equivalence ratio

Subscripts
b = burned gas properties
max = maximum observed value
u = unburned gas properties
` = unstretched � ame condition

Introduction

R ECENT experimental and computational studies of the
effects of � ame stretch on laminar premixed � ames in

this laboratory1– 7 were extended to consider propane, ethane,
and ethylene/air � ames at pressures of 0.5– 4.0 atm and nor-
mal temperatures (298 6 2 K). This work was undertaken to
systematically consider effects of pressure variations that are
relevant to practical applications of hydrocarbon/air � ames
on preferential-diffusion/stretch interactions, motivated by re-
cent � ndings that these interactions are very important for
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hydrocarbon/air � ames.1– 3 Outwardly propagating spherical
laminar premixed � ames were considered to � nd the sensitiv-
ities of laminar burning velocities to � ame stretch, represented
by Markstein numbers, and the fundamental laminar burning
velocities of unstretched � ames. In addition, the new mea-
surements were used to evaluate the C/H/O chemical reaction
rate mechanism from to Frenklach et al.} as well as an ex-
tended version of this mechanism for propane/air and eth-
ylene/air � ames based on numerical simulations of unstretched
laminar premixed � ames. The following description of the
study is brief, see Refs. 1 – 7 for more details about experi-
mental and computational methods.

Present experiments and computational results were ana-
lyzed to � nd � ame/stretch interactions caused by preferential-
diffusion effects in the same way as earlier studies of out-
wardly propagating spherical laminar premixed � ames in this
laboratory.1– 7 This involves a conservative selection of � ame
conditions so that problems of � ame thickness variations, cur-
vature, and unsteadiness caused by laminar burning velocity
variations with � ame radius were minimized when � ame prop-
erties were interpreted by limiting observations of conditions
where dD/rf < 0.02.2,4 Effects of stretch on laminar burning
velocities were correlated according to an early proposal of
Markstein,8 after a later extension at the limit of small stretch
by Clavin9:

S = S 2 LK (1)L L`

To account for large values of stretch during the present study,
Eq. (1) was extended so that the � ame response to stretch was
represented by the characteristic length and time scales of
stretched � ames, dD and dD/SL, rather than corresponding
scales for unstretched � ames, to yield1– 7

S /S = 1 1 MaKa (2)L` L

Past observations generally show that Ma is independent of
Ka when dD/rf << 1, which provides a concise summary of
� ame/stretch interactions as a single Markstein number for
each reactant mixture and pressure.1– 7 The small stretch limit

}Data may be accessed online at http://www.me.berkeley.edu/gri-
mech (1997).
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of Eq. (2) is also of interest; this expression can be found from
Eq. (2), as follows4:

S /S = 1 2 Ma Ka , Ka << 1 (3)L L` ` ` `

Notably, Eq. (3) is identical to the � ndings of classical theories
at the limit of small stretch.9

The present characterization of premixed � ame/stretch in-
teractions is only one of many possibilities, but it has several
advantages pending the development of generally accepted
methods to treat these interactions outside the small stretch
limit, as follows: data reduction does not involve � ame struc-
ture models that are dif� cult to fully de� ne and are likely to
be revised as more information about � ame/stretch interactions
is developed, the characterization is concise, this facilitates use
of the results by others, the positive and negative ranges of
Ma provide a direct indication of stable and unstable � ame
surface conditions with respect to effects of preferential dif-
fusion, and the results can be readily transformed to provide
direct comparisons with other characterizations of premixed
� ame/stretch interactions. Nevertheless, the present approach
has only been applied to outwardly propagating spherical lam-
inar premixed � ames when dD/rf << 1 and effects of ignition
disturbances and radiation are small. The limitations of this
approach for more general conditions are not known so that
direct use of present Ma to characterize the effects of stretch
in other circumstances should be approached with caution.

The properties of the laminar burning velocities of propane,
ethane, and ethylene/air � ames at normal temperature and
pressure (NTP) have been considered during several previous
experimental investigations, see Refs. 10– 21 and references
therein. The earliest studies10– 16 did not consider effects of
� ame stretch on laminar burning velocities that are now known
to be signi� cant for hydrocarbons2; therefore, interpretation of
these results is problematic. Subsequently, Law and co-work-
ers17–19 measured the laminar burning velocities of some hydro-
carbon/air mixtures using the counter� ow twin-� ame tech-
nique, while extrapolating measurements at � nite stretch rates
to estimate fundamental unstretched laminar burning veloci-
ties; however, the � ame response to stretch was not quanti� ed.
Taylor20 studied outwardly propagating spherical � ames simi-
lar to the present investigation while using a different extrap-
olation procedure to estimate effects of stretch on the lami-
nar burning velocities for methane, ethanol, ethylene, and
propane/air � ames; however, effects of � ame response to
stretch were limited to small values of stretch, whereas effects
of pressure were not quanti� ed.

Past work in this laboratory1– 7 for hydrocarbon-fueled pre-
mixed � ames includes measurements of � ame/stretch interac-
tions for methane, ethane, ethylene, and propane/air � ames at
normal temperature and pressure (NTP).2,3 This was followed
by consideration of methane/air � ames, both experimentally
and computationally, for pressures of 0.5– 4.0 atm at normal
temperature.7 The latter study suggested reasonably good ca-
pabilities for predicting the � ame/stretch response as Mark-
stein numbers, and the fundamental laminar burning velocities
of unstretched � ames based on the chemical kinetic mecha-
nisms of Frenklach et al. These results also suggested a po-
tentially signi� cant trend that methane/air � ames exhibited
progressively increased tendencies toward � ame instability be-
cause of preferential-diffusion effects with increasing pressure.
Thus, it is of interest to see whether � ames of other relatively
light hydrocarbons can be modeled using these kinetics with
similar success, and whether these hydrocarbons also exhibit
a tendency toward increased preferential-diffusion instabilities
with increasing pressure.

In view of the current status of understanding � ame/stretch
interactions caused by preferential-diffusion effects for laminar
premixed hydrocarbon/air � ames, the objectives of the present
study were as follows.

1) To measure the properties of outwardly propagating
spherical laminar premixed � ames of propane, ethane, and
ethylene/air mixtures for various fuel-equivalence ratios, pres-
sures, and degrees of stretch at normal temperature, within the
allowable range of conditions using present data reduction
methods.

2) To reduce the measurements to � nd corresponding Mark-
stein numbers and unstretched laminar burning velocities.

3) To complete numerical simulations of the corresponding
unstretched laminar � ames using contemporary detailed chem-
ical reaction mechanisms.

4) To compare measurements and predictions of unstretched
laminar burning velocities with each other and with earlier
results in the literature.

The present discussion begins with descriptions of experi-
mental and computational methods. Results are then consid-
ered by treating � ame response to stretch, unstretched laminar
burning velocities, and � ame structure. The present description
of experimental and computational methods is brief, see Refs.
1 – 7 for more details.

Experimental Methods
The experiments were carried out in the spherical windowed

chamber used for recent studies of laminar premixed-� ame/
stretch interactions in this laboratory.4–7 The reactant mixture
was prepared in a separate chamber by adding gases at appro-
priate partial pressures, allowed to stand overnight, and then
checked using gas chromatography before use. The combus-
tible mixture was spark-ignited at the center of the chamber,
using spark energies near minimum ignition energies to control
ignition disturbances. Motion picture shadowgraphy was used
to observe the motion of the � ame surface and the possible
development of wrinkled surfaces caused by the effects of in-
stabilities. Measurements were limited to � ames having di-
ameters less than 60 mm, which implies pressure increases less
than 0.4% of the initial pressure during the period of propa-
gation. Finally, earlier measurements showed that the effects
of burned gas motion and wall disturbances are small for the
present test arrangement.1

Measurements were limited to dD/rf # 2%, so that effects
of curvature and transient phenomena associated with � ame
thicknesses were small.2 In addition, estimates showed that ra-
diative heat losses were smaller than 5% of the rate of chem-
ical energy release within the � ames, implying small effects
of radiation on � ame properties as well. Finally, minimum
� ame radii were greater than 5 mm to avoid ignition distur-
bances and satisfy the minimum dD/rf criterion mentioned ear-
lier. For these conditions the laminar burning velocity and
� ame stretch are given by24

dr drr 2f fb
S = , K = (4)L S D S Dr dt r dtu f

Similar to past work,1– 7 the density ratio needed in Eq. (4) was
computed assuming adiabatic combustion at constant pressure
with the reactant temperature equal to the initial temperature
and with the same fuel-equivalence ratio, i.e., the same ele-
mental composition, in the unburned and burned gases. These
computations were carried out using the adiabatic � ame al-
gorithms of Gordon and McBride23 and Reynolds,24 both yield-
ing the same results. It should be noted, however, that use of
the unstretched � ame density ratio in this manner is a conven-
tion that ignores preferential-diffusion effects that modify the
local mixture fraction and thermal energy transport and, thus,
the density ratio of stretched � ames. This convention is con-
venient, however, because a single density ratio is used to re-
late � ame speeds and laminar burning velocities for all values
of � ame stretch, which avoids current uncertainties about the
effects of stretch on � ame jump conditions. The present ap-
proach also corresponds to methods used during past studies
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Table 1 Summary of test conditionsa

f 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.6

P = 0.5 atm
ru/rb 7.02 7.52 7.88 8.01 7.97 7.87 7.70 7.48
SL̀ , mm /s 370 380 430 450 410 380 350 170
Kamax 0.20 0.20 0.20 0.20 0.20 0.15 0.10 0.20
Ma 5.10 3.10 2.20 1.30 0.00 0.40 20.50 22.20

P = 1.0 atm
ru/rb 7.04 7.56 7.93 8.06 7.99 7.87 7.75 7.48
SL̀ , mm /s 290 320 400 400 390 350 270 120
Kamax 0.10 0.15 0.10 0.10 0.10 0.10 0.10 0.10
Ma 3.60 2.50 2.40 1.80 0.65 0.50 21.60 23.80

P = 2.0 atm
ru/rb 7.05 7.58 7.98 8.06 8.00 7.88 7.75 ——
SL̀ , mm /s 250 280 350 330 340 240 180 ——
Kamax 0.05 0.05 0.05 0.04 0.03 0.05 0.05 ——
Ma 23.60 24.50 24.50 25.00 26.10 26.20 27.90 ——

P = 3.0 atm
ru/rb 7.05 7.60 8.01 8.06 8.01 7.88 7.75 7.49
SL̀ , mm /s 240 260 300 300 290 200 160 70
Kamax 0.03 0.04 0.03 0.03 0.03 0.04 0.04 0.06
Ma 23.80 24.90 26.40 28.70 28.70 29.60 210.10 29.80

P = 4.0 atm
ru/rb 7.05 7.58 8.01 8.06 8.00 7.88 7.75 7.49
SL̀ , mm /s 220 250 300 290 250 220 120 60
Kamax 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03
Ma 210.70 210.20 210.70 210.10 212.70 210.90 211.30 213.50

a
C2 H8 /air � ames at 298 K (Du = 11.5/P mm2/s).

Table 2 Summary of test conditionsa

f 0.8 0.9 1.0 1.1 1.2 1.4 1.6

P = 0.5 atm
ru/rb 6.93 7.41 7.76 7.88 7.82 7.57 7.29
SL̀ , mm /s 320b 430 450 460 460 360 240
Kamax 0.30 0.25 0.25 0.25 0.20 0.30 0.40
Ma 1.10 1.00 1.00 1.15 0.40 0.30 0.25

P = 1.0 atm
ru/rb 6.94 7.44 7.81 7.91 7.83 7.57 7.30
SL̀ , mm /s 270b 400 420 430 410 340 180
Kamax 0.20 0.15 0.15 0.15 0.10 0.20 0.20
Ma 3.60 1.40 2.00 1.90 1.30 1.15 0.00

P = 2.0 atm
ru/rb 6.95 7.47 7.86 7.94 7.84 7.58 7.30
SL̀ , mm /s 230b 340 370 370 380 250 120
Kamax 0.10 0.05 0.05 0.05 0.05 0.05 0.08
Ma 21.90 23.00 24.00 24.10 25.00 26.00 27.00

P = 3.0 atm
ru/rb 6.96 7.49 7.89 7.96 7.85 7.58 7.30
SL̀ , mm /s 240b 310 360 340 340 210 100
Kamax 0.04 0.03 0.03 0.04 0.04 0.05 0.07
Ma 25.75 26.00 26.30 27.70 27.80 28.10 28.80

P = 4.0 atm
ru/rb 6.96 7.49 7.90 7.96 7.85 7.58 7.30
SL̀ , mm /s 220b 280 310 320 290 170 95
Kamax 0.04 0.03 0.03 0.03 0.03 0.04 0.05
Ma 27.60 28.49 28.20 29.10 210.60 211.50 210.00

a
C2H6 /air � ames at 298 K (Du = 14.6/P mm2/s).

b
Provisional results because dD/rf > 0.02 for a portion of the database.

of preferential-diffusion/stretch interactions,1– 7,17– 20 which sim-
pli� es comparison of various determinations of � ame proper-
ties. This approach also retrieves the correct displacement ve-
locity of the � ame, drf /dt. Nevertheless, given successful
evaluation of methods of predicting the structure of stretched
propane, ethane, and ethylene/air � ames, density ratios should
be computed for various degrees of stretch so that present mea-
surements could be used more accurately to estimate the lam-
inar burning velocities and the mass burning rates of these
� ames.

Final results were obtained by averaging the measurements
of 4– 6 tests at each condition. Methods of estimating experi-
mental uncertainties are discussed elsewhere4; the present

uncertainties (95% con� dence) are as follows: SL is less
than 9%, Ka is less than 21%, SL` is less than 12%, and Ma
is less than 25% for uMa u > 1, with uncertainties of uMa u in-
creasing inversely proportional to uMa u for values less than
unity.

The experimental conditions and major results (Du, ru/rb,
SL`, Kamax, and Ma, where results to be discussed later show
that Ma is constant for Ka # Kamax) are summarized in Tables
1 – 3 as a function of pressure for propane, ethane, and
ethylene/air � ames, respectively. The total test range includes
pressures of 0.5– 4.0 atm and fuel-equivalence ratios of 0.8 –

1.6. It should be noted that some entries of Tables 1– 3 are
provided for information purposes only because they involve
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Table 3 Summary of test conditionsa

f 0.8 0.9 1.0 1.1 1.2 1.4 1.6

P = 0.5 atm
ru/rb 7.34 7.79 8.10 28.28 8.33 8.24 8.06
SL̀ , mm/s 530b 610 690 710 690 600 380
Kamax 0.20 0.20 0.15 0.15 0.15 0.15 0.30
Ma 2.20 1.60 1.40 1.60 0.90 0.70 0.10

P = 1.0 atm
ru/rb 7.37 7.84 8.17 8.35 8.38 8.26 8.07
SL̀ , mm/s 490b 590 650 680 650 580 330
Kamax 0.15 0.10 0.10 0.10 0.10 0.10 0.20
Ma 2.40 1.50 2.10 2.20 1.00 1.50 20.05

P = 2.0 atm
ru/rb 7.39 7.89 8.24 8.40 8.41 8.27 8.08
SL̀ , mm/s 440b 520 560 580 600 450 250
Kamax 0.03 0.03 0.03 0.03 0.03 0.04 0.05
Ma 21.45 20.90 20.80 21.40 20.80 21.20 21.40

P = 3.0 atm
ru/rb 7.40 7.91 8.27 8.44 8.43 8.28 8.08
SL̀ , mm/s 410b 470 550 540 530 390 220
Kamax 0.05 0.05 0.03 0.04 0.04 0.05 0.10
Ma 24.90 26.80 24.90 25.90 26.60 26.70 28.10

P = 4.0 atm
ru/rb 7.41 7.92 8.30 8.46 8.44 8.28 8.08
SL̀ , mm/s 390b 450 510 530 470 350 180
Kamax 0.03 0.03 0.02 0.02 0.02 0.02 0.03
Ma 24.00 26.00 26.00 25.50 28.50 28.80 29.60

a
C2H4 /air � ames at 298 K (Du = 15.8/P mm2/s).

b
Provisional results because dD/rf > 0.02 for a portion of the database.

values of dD/rf outside the allowable range. Finally, effects of
buoyancy were found to be small over the present test range.

Computational Methods
Because of the extensive detailed reaction mechanisms of

propane, ethane, and ethylene/air � ames, computation times
needed to simulate outwardly propagating � ames to � nd Mark-
stein numbers, similar to past work for some relatively sim-
pli� ed � ame systems,4– 7 were not feasible. Thus, present nu-
merical simulations were limited to unstretched (plane) � ames,
and were carried out using the steady, one-dimensional laminar
premixed � ame computer code PREMIX.25–29 Thermochemical
and transport properties for these computations were found
from Kee et al.,25–27 except for the thermochemical properties
of those species given by Frenklach et al. All properties were
checked against original sources. The present calculations were
carried out using the mixture-averaged multicomponent trans-
port approximation plus thermal diffusion, while ignoring the
Dufour effect, justi� ed by earlier evaluations of transport ap-
proximations.4– 6

The detailed reaction mechanisms of C/H/O/N-based � ames
have received a great deal of attention.30– 34 To control com-
puter time and costs, only representative recent chemical
reaction mechanisms by Frenklach et al. (GRI-Mech 2.1) as
extended for C3 kinetics, and an earlier approach by Egolfo-
poulos et al.,17 were considered during the present study. Nu-
merical accuracy was similar to past work,4– 7 with calculations
for various grid spacings suggesting numerical accuracy of the
computations of unstretched laminar burning velocities within
1%.

The chemical reaction mechanism of Frenklach et al. in-
volves 32 species and 175 reversible reactions (not counting
the range of third-body collision ef� ciencies). The chemical
reaction mechanism extended for C3 kinetics involves 39 spe-
cies and 222 reversible reactions (not counting the range of
third-body collision ef� ciencies). The backward rates of re-
action were found from chemical equilibrium considerations
using the CHEMKIN package,27 unless the mechanism pro-
vided an alternative formulation. The full reaction mechanism
of Frenklach et al. was used for ethane/air and ethylene/air
� ames. The extended version of this mechanism was used for
propane/air and ethylene/air � ames.

Results and Discussion
Flame Response to Stretch

Values of SL` were found from Eq. (2) by plotting SL as a
function of Ka. Similar to past work,1– 7 this yielded linear plots
so that extrapolation to Ka = 0 gave SL`, as summarized in
Tables 1– 3. Then given SL`, plots of SL` /SL as a function of
Ka could be constructed for a given reactant mixture and pres-
sure, as suggested by Eq. (2). Typical plots of this type are
illustrated in Figs. 1 and 2 for propane/air mixtures at pressures
of 0.5 and 4.0 atm, respectively, and in Figs. 3 and 4 for
ethane/air and ethylene/air mixtures at pressures of 0.5 and 4.0
atm, respectively. Results at conditions that are stable (unsta-
ble) with respect to preferential-diffusion effects, correspond-
ing to Ma > 0 (Ma < 0), are indicated by opened (darkened)
symbols on these plots.

The measurements illustrated in Figs. 1 – 4 illustrate the lin-
ear relationship between SL` /SL and Ka that was exploited to
� nd SL` similar to past work.1– 7 Thus, the slope of each plot,
which is equal to the Markstein number according to Eq. (2),
is independent of Ka over the range of the present measure-
ments. These ranges involve Ka < 0.2 for propane/air � ames,
and <0.4 for ethane- and ethylene/air � ames, which are not
close to extinction conditions (where Ka would be on the order
of unity35), where the response of the � ames to variations of
Ka is likely to change. In contrast to earlier � ndings for
hydrogen/air, CO/H2/air and methane/air � ames,4– 7 the re-
sponses of propane, ethane, and ethylene/air � ames to stretch
tend to yield stable � ames at lean conditions and unstable
� ames at rich conditions. Flame/stretch interactions are sub-
stantial in these fuels, affecting the laminar burning velocities
by factors in the 0.6– 1.5 range, even for the relatively modest
ranges of � ame stretch considered during the present investi-
gation (Ka < 0.4). Another interesting general trend seen for
all of these hydrocarbons is the progressively increased range
of fuel-equivalence ratios, where unstable behavior is observed
with increasing pressure; notably, this trend was also evident
for methane/air � ames.7

Present experimentally determined Markstein numbers are
independent of Ka for Ka < Kamax and are summarized in Ta-
bles 1– 3. Markstein numbers for propane/air � ames are plotted
as functions of fuel-equivalence ratios at various pressures in
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Fig. 1 Measured laminar burning velocities as a function of Kar-
lovitz number and fuel-equivalence ratio for propane/air � ames
at a pressure of 0.5 atm.

Fig. 2 Measured laminar burning velocities as a function of Kar-
lovitz number and fuel-equivalence ratio for propane/air � ames
at a pressure of 4.0 atm.

Fig. 3 Measured laminar burning velocities as a function of Kar-
lovitz number and fuel-equivalence ratio for ethane and ethylene/
air � ames at a pressure of 0.5 atm.

Fig. 4 Measured laminar burning velocities as a function of Kar-
lovitz number and fuel-equivalence ratio for ethane and ethylene/
air � ames at a pressure of 4.0 atm.

Fig. 5. These results include the measurements of Tseng et al.2

and Taylor20 at atmospheric pressure and the present measure-
ments at pressures of 0.5– 4.0 atm. Present measurements of
Markstein numbers are independent of Ka and can be com-
pared with those of Taylor found at the limit of small stretch.
All three sets of measurements at atmospheric pressure are
seen to agree well within experimental uncertainties. Measure-
ments of Ma are positive for nearly the full range of fuel-
equivalence ratios at 0.5 atm, only approaching unstable con-
ditions at f = 1.6, which implies that these � ames mainly are
preferential-diffusion stable. On the other hand, measurements
of Ma are strongly negative (in the 28 to 212 range) over
the whole range of fuel-equivalence ratios at a pressure of 4.0
atm. The reversed behavior of propane/air � ames compared to
hydrogen, wet carbon monoxide, and methane/air � ames (gen-

erally stable at lean as opposed to rich conditions) is expected
because of the large differences between the mass diffusivities
of these fuels and air. For propane/air � ames, the mass diffu-
sivity of the oxidizer is larger than the mass diffusivity of the
fuel; therefore, oxygen will diffuse faster to the � ame front
when the � ame is stretched, which reduces the local fuel-to-
air ratio. At lean conditions, decreasing the fuel-to-air ratio
causes laminar burning velocities to decrease as well, which
implies stable preferential-diffusion conditions. On the other
hand, at the rich conditions, reducing the fuel-to-air ratio
causes the laminar burning velocities to increase, which im-
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Fig. 5 Measured Markstein numbers as a function of fuel-equiv-
alence ratio for propane/air � ames at various pressures. Mea-
surements of Tseng et al.,2 Taylor,20 and the present investigation.

Fig. 6 Measured Markstein numbers as a function of fuel-equiv-
alence ratio for ethane/air � ames at various pressures. Measure-
ments of Aung et al.,3 Taylor,20 and the present investigation.

Fig. 7 Measured Markstein numbers as a function of fuel-equiv-
alence ratio for ethylene/air � ames at various pressures. Mea-
surements of Aung et al.,3 Taylor,20 and the present investigation.

plies unstable preferential-diffusion conditions. In addition, the
light radicals are crucial to oxidation processes in all of these
� ames and their preferential-diffusion behavior might be ex-
pected to increase the sensitivity to stretch as well.

The Markstein numbers of ethane and ethylene/air � ames
are plotted as functions of the fuel-equivalence ratio for vari-
ous initial pressures in Figs. 6 and 7. These plots show the

measurements of Aung et al.3 and Taylor20 at atmospheric pres-
sure as well as the present results for pressures in the 0.5– 4.0
atm range. The measurements of Aung et al. and Taylor agree
well within experimental uncertainties with the present mea-
surements. Measurements for Ma for ethane and ethylene/air
� ames exhibit small positive values at all fuel-equivalence ra-
tios for pressures up to 1.0 atm, which implies that the low-
pressure ethane and ethylene/air � ames are not strongly af-
fected by preferential-diffusion phenomena. On the other hand,
the measurements at high pressures (over 1.0 atm) show that
ethane and ethylene/air � ames exhibit negative values of Ma
over the whole range of fuel-equivalence ratios, which is quite
similar to the propane/air � ames.

Taken together, the Markstein numbers of propane, ethane,
and ethylene/air � ames progressively become more negative
as the pressure is increased and generally also tend to decrease
as the fuel-equivalence ratio is increased. This behavior yields
broad ranges of large negative values of Ma at the elevated
pressures of interest for many practical applications. This be-
havior implies strong capabilities to enhance the distortion of
� ame surfaces by turbulence at elevated pressures that should
be considered by models of turbulent combustion processes.
Finally, this high-pressure behavior cannot be explained by
simple preferential-diffusion arguments associated with the
modi� cation of fuel-equivalence ratios at the � ame sheet. A
more promising explanation involves preferential-diffusion of
reaction intermediates such as light radical species at high
pressures, where radical concentrations in the reaction zone
become small because of the increased effectiveness of radical
recombination reactions. The resulting increase of radical con-
centrations because of the effects of preferential diffusion in-
teracting with � ame stretch would then cause a corresponding
increase of the laminar burning velocity, owing to the well-
known relationship between radical concentrations and laminar
burning velocities discussed by Padley and Sugden.36

Unstretched Laminar Burning Velocities

Present measurements of unstretched laminar burning veloc-
ities are summarized in Tables 1– 3. Both measured and pre-
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Fig. 8 Measured and predicted unstretched laminar burning ve-
locities as a function of fuel-equivalence ratio for propane/air
� ames at various pressures. Measurements of Tseng et al.,2 Tay-
lor,20 Egolfopoulos et al.17 and the present investigation.

Fig. 9 Measured and predicted unstretched laminar burning ve-
locities as a function of fuel-equivalence ratio for ethane/air � ames
at various pressures. Measurements of Aung et al.,3 Taylor,20 Egol-
fopoulos et al.,17 and the present investigation; predictions based
on the kinetics of GRI-Mech 2.1.

Fig. 10 Measured and predicted unstretched laminar burning
velocities as a function of fuel-equivalence ratio for ethylene/air
� ames at various pressures. Measurements of Aung et al.,3 Tay-
lor,20 Egolfopoulos et al.,17 and the present investigation; predic-
tions based on GRI-Mech 2.18 and Egolfopoulos et al.17

dicted unstretched laminar burning velocities for propane, eth-
ane, and ethylene/air � ames are plotted as a function of the
fuel-equivalence ratio for various pressures in Figs. 8– 10, re-
spectively. Measurements illustrated in these � gures include
those of Aung et al. and Taylor at atmospheric pressure, those

at pressures of 0.5– 2.0 atm, and those of the present investi-
gation at pressures of 0.5– 4.0 atm. It is evident that the various
stretch-corrected measurements agree with each other well
within present experimental uncertainties even though methods
of � nding unstretched laminar burning velocities differ for the
three studies.

The predicted unstretched laminar burning velocities illus-
trated in Figs. 8 – 10 involve the GRI-Mech 2.1 mechanism of
Frenklach et al. for ethane and ethylene/air � ames, and the
extension of GRI-Mech 2.1 to treat propane/air and ethylene/
air � ames. The comparison between measurements and pre-
dictions for the propane and ethane/air � ames is seen to be
excellent over the test range, well within present experimental
uncertainties. The comparison between measurements and pre-
dictions is not as good for ethylene/air � ames, however, with
predictions generally 20– 30% greater than the measurements
at fuel-rich conditions. At atmospheric pressure, the mecha-
nism of Egolfopoulos et al.17 yields excellent agreement with
their measurements over the full range of fuel-equivalence ra-
tios, although these results still are signi� cantly larger than the
measurements of Taylor, Aung et al., and the present investi-
gation at fuel-rich conditions. The newer mechanism allowing
for C3 kinetics, however, yields results comparable to GRI-
mech, which is not particularly satisfactory. Thus, additional
study of ethylene/air � ames is needed to resolve the differ-
ences among the various predicted and measured unstretched
laminar burning velocities.

Flame Structure

As just noted, present measurements and predictions of the
unstretched laminar burning velocities of unstretched ethane/
air and propane/air � ames generally agree within experimental
uncertainties; therefore, use of the predictions to provide in-
formation about effects of pressure on the � ame structure is
justi� ed to gain a better understanding of the effects of initial
pressures on species concentrations within the � ame and, thus,
� ame surface instabilities. This is done in the following for
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Fig. 11 Predicted structure of an unstretched (Ka = 0) propane/
air � ame at normal temperature and a pressure of 0.5 atm (f =
1.0).

Fig. 12 Predicted structure of an unstretched (Ka = 0) propane/
air � ame at normal temperature and a pressure of 4.0 atm (f =
1.0).

propane/air � ames using the chemical reaction mechanism and
the unstretched � ame simulation code (PREMIX) of Kee and
coworkers.25– 29

The structure of unstretched propane/air � ames at stoichio-
metric conditions is illustrated in Figs. 11 and 12 for pressures
of 0.5 and 4.0 atm, respectively. These calculations were car-
ried out for an unstretched (plane) � ame; thus, the origin of
the radial coordinate system in these � gures was arbitrary.
Comparing Figs. 11 and 12, it can be seen that the increase in
pressure increases the � ame temperatures because of reduced
dissociation (note the corresponding increase of the stable
combustion produces CO2 and H2O). Nevertheless, in spite of
increased reaction zone temperatures, increased rates of the
three-body recombination reactions at elevated pressures cause
signi� cant reductions of all radical concentrations in the high-
pressure � ame. Through the well-known proportionality be-
tween radical concentrations in the reaction zone and laminar
burning velocities,36 the reduced radical concentrations in the
reaction zone are responsible for the signi� cant reduction of
laminar burning velocities with increasing pressure seen in Fig.
8 for propane/air � ames. This de� ciency of highly diffusive
light radials at high pressures also provides a potential expla-
nation for increased effects of preferential-diffusion instability
at high pressures; however, proof of this effect will require
detailed numerical simulations of stretched propane, ethane,

and ethylene/air � ames, similar to recent results for methane/
air � ames.7

Conclusions
The effects of pressure variations on the preferential-

diffusion/stretch interactions of hydrocarbon/air � ames at nor-
mal temperature were studied experimentally and computa-
tionally. The hydrocarbon fuels considered were propane,
ethane, and ethylene. The measurements involved the out-
wardly propagating spherical laminar premixed � ame con� g-
uration. The computations were limited to the unstretched
(plane) laminar premixed � ame con� guration. The test con-
ditions involved fuel-equivalence ratios in the range 0.8– 1.6,
pressures in the range 0.5– 4.0 atm, Karlovitz numbers in the
0 – 0.4 range and laminar burning velocities in the range
220– 450 mm/s for propane/air and ethylene/air � ames and
390– 710 mm/s for ethylene/air � ames, respectively. The cor-
responding Markstein numbers were in the 213.5 to 5.1 range
for these test conditions. The major conclusions of study are
as follows:

1) Effects of � ame/stretch interactions for the measurements
could be correlated according to SL` /SL = 1 1 MaKa, where
SL` /SL varies linearly with Ka, yielding Markstein numbers that
were only functions of reactant composition and pressure for
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the present range of Karlovitz numbers (Ka < 0.4), similar to
past work in this laboratory.

2) Effects of � ame stretch on laminar burning velocities
were substantial, even though present � ames did not approach
quenching conditions, yielding values of SL` /SL as follows:
0.6– 2.0 for propane/air � ames, 0.4– 1.3 for ethane/air � ames,
and 0.2– 1.4 for ethylene/air � ames. Corresponding ranges of
Markstein numbers were as follows: 213.5 to 5.1 for pro-
pane/air � ames, 211.5 to 2.0 for ethane/air � ames, and 29.6
to 2.4 for ethylene/air � ames.

3) At modest pressures (0.5– 1.0 atm), the present � ames
exhibited either stable preferential-diffusion behavior at lean
conditions (propane/air � ames) or near-neutral behavior every-
where (ethane and ethylene/air � ames), which agrees with
classical ideas about the effects of preferential-diffusion of re-
actant species on � ame stability. On the other hand, the � ame
stability mechanism changes at elevated pressures, where val-
ues of Markstein numbers tend to become progressively more
negative with increasing pressure because of the preferential
diffusion of light radical species to the reaction zone, which
tends to increase the laminar burning velocities of stretched
� ames at all fuel-equivalence ratios.

4) The present measurements of Markstein numbers and un-
stretched laminar burning velocities were in good agreement
with earlier measurements where test conditions overlapped,
even though the various other studies involved different ex-
perimental methods than the present study. In addition, pre-
dicted and measured unstretched laminar burning velocities
were in reasonably good agreement for ethane/air � ames and
the extension of this mechanism for propane/air � ames. On
the other hand, predictions of unstretched laminar burning ve-
locities of ethylene/air � ames were less successful for reasons
that are still not known.
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