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Laminar flame speeds for syngas mixtures of various compositions up to 20 atm are measured 
with outwardly propagating spherical flames at constant pressure using more restrictive measures 
for data reduction that consider deviation from the ideal flow field caused by a non-spherical 
confinement.  In the present paper, as in earlier high pressure study of flame speeds, a recently 
developed constant-pressure approach that utilizes a cylindrical test chamber is applied.  For the 
first time, the effect of flow field on flame speed measurements is addressed in detail for these 
non-spherical constant-pressure chambers.   The results from experiments and simplified analysis 
indicate that deviation from the assumed flow field causes significant errors in instantaneous flame 
speed measurement, which are amplified in the extrapolation to zero stretch rate.    The relative 
deviation of the apparent flame speed from the true flame speed is found to scale with (σ-1) times 
the relative flow field deviation, where σ is the unburned to burned gas density ratio.  This result 
demonstrates the significance of the flow field on the measured flame speed, since the density 
ratio typically assumes values of ~5-9 for hydrogen and hydrocarbon fuels in air.  A simple model 
is developed to study the effect of flow disturbance in cylindrical confinements.  In cylindrical 
chambers, where the flow is typically most constrained in the plane of measurement (radial 
direction), failure to consider this effect results in lower values for the measured flame speed. 

Laminar flame speed measurements are reported for H2/CO/CO2 mixtures varying in equivalence 
ratio from 0.6 to 4.0, pressure from 1 to 20 atm, and CO2 dilution from 0 to 25%.  The corrected 
data range (0.6 cm < r < 0.30Rw where Rw is the chamber wall radius) is seen to raise the 
extrapolated burning velocity by as much as 6% from the burning velocity found from 
extrapolation over a wider range (0.6 cm < r < 0.54Rw), which is more strongly influenced by flow 
field deviations.  The experimental measurements are compared with experiments from McLean et 
al., Sun et al., and Hassan et al. (where applicable) and planar calculations using the kinetic 
mechanisms of Li et al., Davis et al., and Sun et al.  While the experimental data and predictions 
for burning velocity agree reasonably well at lean conditions, large discrepancies occur at rich 
conditions.  The substantial variation in the available stretch-corrected flame speed data indicate 
that significantly more data and more rigorous calculations of uncertainty are necessary before 
quantitative conclusions can be made and the performance of kinetic mechanisms can be properly 
assessed. 

1. Introduction 

The planar burning velocity is often termed a “fundamental combustion parameter,” providing a 
measure of the coupled effects of exothermicity, diffusivity, and reactivity of a combustible 
mixture.  It is the only flame speed unique to a gas of a fixed composition, initial temperature 
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and pressure, without further specification of hydrodynamic conditions, such as stretch rate, 
Reynolds number, extent of wrinkling, etc.  The laminar flame speed serves as a useful input 
parameter for laminar flamelet calculations for turbulent combustion [1].  Not only does the 
burning velocity give information about the way a flame behaves under specific conditions, but it 
can be used to validate chemical kinetic and transport models.  Consequently, the planar burning 
velocity is a frequently sought parameter in the combustion community, despite the fact that 
actual unstretched flames are rarely (if at all) encountered in applications and they are relatively 
difficult to measure. 

Reliable experimental data and validated kinetic and transport models for H2/CO combustion 
over a wide range of pressures, temperatures, compositions, and dilutions are necessary for the 
development of technology for coal-derived syngas combustion in stationary gas turbine engines 
as well as for solidifying the fundamental building block for modeling high-pressure, high-
temperature hydrocarbon combustion.  Burning synthetic gas is challenging in practice, because 
its diverse composition, consisting of CO, H2, CO2, H2O, CH4 and various trace species, can 
produce significant variations in combustion properties for different relative concentrations of its 
components.  Therefore, kinetic mechanisms will be useful for predicting combustion 
characteristics of synthetic gas mixtures of all possible compositions and must be validated over 
a wide range of equivalence ratios, pressures, temperatures, and species concentrations.  Since 
most practical applications including gas turbine engines perform at high pressures, reliable 
experimental data and validated models for high pressure conditions are especially important. 

While a considerable amount of work on low pressure flame speeds for syngas mixtures has been 
performed [2-5], only one study has reported high pressure flame speeds [6].  Therefore, further 
investigation of laminar flame speeds for higher pressures typical of practical applications 
continues to be of interest. 

The experimental method used in this study for flame speed measurement is the constant-
pressure outwardly propagating spherical flame method.  The spherical flame and counterflow 
flame methods are the two most common recently employed techniques, because their clearly 
defined stretch rates allow for extrapolation to an unstretched, adiabatic planar flame speed.  
New techniques have been developed to extend the spherical flame method to achieve 
measurements at pressures significantly higher than those used previously [7,8].  While flame 
speed measurements have previously been limited to pressures less than 10 atm, this method has 
allowed for stretch-corrected flame speed determination up to 60 atm [9]. 

The constant-pressure spherical flame method involves capturing schlieren pictures of a 
spherical flame and calculating the instantaneous flame speed and stretch from radius-time data 
[10,11].  Most studies employ the relations given by Strenlow and Savage [12] for an unconfined 
outwardly propagating spherical flame, in which the burned gas is assumed to come to rest after 
crossing the flame and the flame is taken to be infinitesimally thin, 
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where su is the stretched flame speed, ρu and ρb the unburned and burned gas densities, rf the 
flame radius, drf/dt the flame propagation speed, and κ the stretch rate.  The density ratio is 
frequently computed by adiabatic calculation using the algorithm of Gordon and McBride [13], 
but in this study it is calculated in a planar flame calculation [14] using the mechanism of Li et 
al. [15].  Planar flame calculations using the mechanism of Davis et al. [16] yielded density 
ratios within 0.5% of those found using Li et al. for all cases studied. There are various methods 
found in the literature for relating the stretch rate and the stretched flame speed such that the 
fundamental mixture parameters, the unstretched burning velocity, su

o, and Markstein length, Lu, 
can be extracted as described in Ref. [17-21].  The present study employs the relation first 
postulated by Markstein [17] 

 κ⋅−= u
o
uu Lss  (3) 

derived from asymptotic theory for weakly stretched flames [22], but has been found to hold for 
more general conditions as discussed in Ref. [23]. 

Finally, the unstretched flame speed and the Markstein length can be extracted through a linear 
regression of (3).  It should be mentioned that in stagnation and counterflow flame studies a 
nonlinear extrapolation method has been developed to relate the flame speed at the 
experimentally determined reference surface, the location of minimum velocity, to the flame 
speed at the theoretical reference surface, the location of 1% temperature rise [24].  As such, the 
nonlinear extrapolation approach has no bearing on spherical flame studies. 

For the aforementioned spherical-flame theory to be satisfied exactly, it requires an unwrinkled, 
spherical, infinitesimally thin flame, which obeys the linear stretch relation, propagating in an 
unconfined environment with a constant density ratio across the front and no ignition, radiation 
or gravity effects.  Of course, these assumptions are never satisfied exactly and, consequently, a 
large number of studies have been devoted to quantification and correction of the errors incurred 
by departures from the theoretical assumptions, including finite flame thickness [25], ignition 
disturbances [20,26], pressure rise [27-34], varying density ratio [18], radiation [2,18] and flame 
front wrinkling [35-37]. 

In the present paper, as in earlier high pressure study of flame speeds, a recently developed 
constant-pressure approach that utilizes a cylindrical test chamber is applied [7,8].  We describe 
departures of experimental results from expected behavior that cannot be explained by any of the 
above corrective analyses.  We discovered the effect of a non-uniform flow field resulting from a 
non-spherical chamber, which has not been considered previously. While previous studies have 
mentioned the possibility of “wall interference” in these constant-pressure cylindrical bombs at 
large radii [9], this effect has not been qualitatively explained or quantitatively investigated.  The 
motivation for investigating this effect in the present paper is that the cylindrical chamber 
geometry of the constant-pressure method used here and in earlier papers makes the presence of 
this particular effect more apparent, as shown below.   

In the remainder of this paper, we will describe the experimental method, investigate the effects 
of flow field non-uniformity on the measurements, and report measurements on flame speed for 
syngas mixtures at high pressure with consideration of this effect. 
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2. Experimental Methods 

The experiments are conducted in a dual-chambered, pressure-release type high-pressure 
combustion apparatus shown in Figure 1. The complete details of the experimental apparatus and 
procedure can be found in Ref. [8].  The chamber consists of two concentric cylindrical vessels 
of inner diameters 10 and 28 cm.  The length of the inner chamber is 15.24 cm.  Twelve holes of 
2.2 cm in diameter are located in the lateral wall of the inner vessel to allow for pressure release. 
These holes are sealed with O-rings under the compression of the iron plates attracted by a series 
of permanent magnets imbedded in the wall. These iron plates can provide a seal between inner 
and outer chambers with a pressure difference above 0.3 atm.  When the pressure difference 
vanishes or reverses, the iron plates open allowing the gas to flow from inner to outer chamber to 
maintain a constant pressure. Furthermore, since the volume of the inner vessel is 10 times 
smaller than that of the outer, the total pressure increase after combustion is small enough to 
ensure a constant pressure experiment and operational safety at high pressures. 
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Figure 1: Schematic of pressure-release type cylindrical bomb and schlieren configuration 

 

Schlieren photography is utilized for imaging the flame propagation. Light from a 100 W 
mercury lamp is focused on a 100 µm pinhole and collimated by a spherical lens. The collimated 
light passes through windows to the inner chamber and is focused on a horizontally installed 
knife edge. A high-speed digital video camera with 4 µs shutter speed and frame rate of 24,000 
fps is used to record images of the propagating flame.  From these images, the flame front is 
located and recorded using an automated detection program for ease of processing and reduction 
of human bias.  The raw flame radius data are smoothed and flame front velocity calculated 
using local 2nd order polynomials fit by least-squares methods over a range of 3 mm 
surrounding each point.  The data processed in this manner are consistent with the raw data as 
well as data processed through a more conventional local-averaging (low-pass) filter.  The 
polynomial fitting is performed for each point over short spans of radius-time data, but not for 
the entire data set, which has been observed to produce false trends.  The local polynomial 
processing is used to dampen any “end effects” of the regression analysis for stretch 
extrapolation and, more importantly, to aid in interpreting data observed in the experiment. 
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The plot of flame speed vs. stretch for a hydrogen-air mixture of equivalence ratio 3.0 at 1 atm 
shown in Figure 2a is indicative of the trend under the conditions used in this paper.  There is a 
linear relation for large stretch (small radii), a change in curvature for moderate stretch 
(moderate radii), and a sharp slope for small stretch (large radii). 
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Figure 2: Exemplar experiment for a hydrogen-air mixture of equivalence ratio 3.0 at 1 atm 
The resulting overall trend is not consistent with the theory used to extract planar values.  
However, none of the corrective analyses presented in the literature address this deviation.  The 
same trend is observed when the inner chamber is open or closed to the outer chamber.  In fact, 
the data used in this figure were taken when the iron plates were removed from the large holes 
connecting the inner and outer chambers.  Therefore, the flame speed deviation in Figure 2 is 
clearly not caused by chamber pressure rise.  Additionally, previous studies indicate the 
influence of radiation is small for these conditions [23].  Inspection of the schlieren movies 
reveals that the flame front image remains smooth and circular throughout its propagation.  In 
fact, the flame speed has been observed to obey a linear relation with stretch rate in experiments 
[38] and in direct numerical simulations [34] under similar conditions. 

It turns out that the above departure of observations and theory is caused by a deviation from the 
assumed flow field caused by the cylindrical chamber geometry.  From Figure 2b, it is also clear 
that this effect has significant implications on determination of planar flame speeds (and 
Markstein lengths as well) and, as such, will be important to consider in spherical flame 
experiments.  Figure 2b shows the unstretched flame speeds calculated through extrapolation to 
zero stretch over ranges of data that start at different radii and span 1 cm.  For example, the 
extrapolated burning velocity for a starting radius of 0.5 cm is calculated by linear regression of 
flame speed vs. stretch data over the radius range from 0.5 to 1.5 cm, the extrapolated burning 
velocity for a starting radius of 1.0 cm is calculated over the radius range from 1.0 to 2.0 cm, and 
so on.  In performing data reduction over ranges that include only flame radii less than half of the 
chamber radius, the extrapolated flame speed varies by 10%.  This implies a significant 
limitation in the current methods used for constant-pressure cylindrical bombs and indicates the 
need for more restrictive data reduction and/or correction factors, or alternate experimental 
designs for high pressure flame speed determination. 
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3. Analysis of the Flow Field Effect 

To demonstrate the sensitivity of flame speed measurement to flow field deviation, we will 
derive a relation between the relative deviation from the ideal flow field, δ = Δu/u, and the 
relative deviation in instantaneous flame speed, ε = ∆su/su.  The rate of propagation of a 
premixed flame through a moving gas can be expressed as the sum of two components: the flame 
speed, su, relative to the gas in the direction normal to the flame front and the gas velocity, uu, 
namely, 

  uu
f us

dt
dr

+=  (4) 

where the gas velocity has been taken in the direction normal to flame propagation for simplicity 
of presentation.  Equation (4) gives the propagation rate as a function of the actual flame speed 
and gas speed.  However, calculation of su under the assumption of an ideal flow field will yield 
an erroneous quantity for unburned flame speed, su,apparent, which is related to the apparent gas 
velocity, uu,apparent, through 

  apparentuapparentu su ,, )1( ⋅−= σ  (5) 

by (1), where σ = ρu/ρb is the unburned to burned gas density ratio.  Therefore, these assumptions 
yield the expression, 

  apparentuapparentu
f us

dt
dr

,, +=  (6) 

By equating the two expressions for drf/dt, (4) and (6), 

  uuapparentuapparentu usus +=+ ,,  (7) 

and expanding uu for small deviation from the assumed flow field, Δu, using (5) 

  δσ ⋅⋅−+=Δ+= uapparentuapparentuu suuuu )1(,,  (8) 

we can relate the deviation in the flow field, δ, to the deviation in the instantaneous flame speed, 
ε, through (7) and (8) 

  δσε ⋅−=
−

= )1(,

u

uapparentu

s
ss

 (9) 

where the gas velocity deviation, δ, can found as a function of location for a given experiment 
using diagnostics or approximate flow field solutions.  In situations where the deviation is small, 
such that the strength and spatial distribution of the hot gas expansion remains nearly constant, 
the flow velocity deviation, δ, is decoupled from the flame propagation process and is a merely a 
function of position relative to the boundary conditions.  Thus, along the coordinate of drf/dt 
measurement, ξ, one can analytically or numerically solve δ= δ(ξ), in which case the flow field 
deviation calculation for a given geometry has applicability for any mixture. 

It is important to note from Equation (9) that an O(1/(σ-1)) deviation in the flow field will yield 
an O(1) error in the apparent instantaneous flame speed, which indicates more serious errors are 
incurred for mixtures with higher density ratios. 
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In physical terms, the outwardly propagating flame is a predominantly convective-driven 
phenomenon.  Therefore, the quantity actually measured in the experiment, drf/dt, is (σ-1) times 
more sensitive to unburned gas velocity than the desired quantity, su, which is extracted from the 
drf/dt data.  In extracting flame speeds from flame propagation rate data, care must be taken in 
general but especially with mixtures with large density ratios, e.g. near stoichiometric mixtures. 

We will now formulate a simple model for the propagation of an outwardly propagating flame 
into an infinitely-long cylindrical pipe to illustrate the behavior of a propagating flame in a non-
spherical chamber and develop an approximate model for the constant-pressure cylindrical bomb 
apparatus.  The flow field model presented herein utilizes potential flow to simulate the 
unburned gas flow ahead of the flame produced by hot gas expansion with appropriate 
cylindrical pipe boundary conditions.  While it should be noted that the actual flow is certainly 
not incompressible, a potential flow solution represents a simple way of recreating the flow 
produced by expansion of the combustion products in a given geometry.  The following solution 
for the flow field is valid only for the unburned mixture, i.e. r > rf. 

Using solutions to Laplace’s equation, 

 02 =∇ φ  (15) 

the flow potential that satisfies the desired boundary conditions can be produced through a 
superposition of solutions.  For small distortions of the flame, the flow created in the unburned 
gas by expansion of the burned gas can be represented as a source at the origin 

 
ρπ

φ
⋅

=
4

)(tm
center  (16) 

where m(t) is the time-varying strength and ρ is the radius from the origin.  The strength of the 
source, m(t), is equal to the amount of mass displaced by thermal expansion per unit time, 

 uf srtm ⋅⋅⋅−= 24)1()( πσ . (17) 

The flame propagation of an unconfined spherical flame is then given by the vector form of (4) 

 uu
f uns

dt
rd

+⋅=  (18) 

where 

 φ∇=uu . (19)          

The above relations using the flow potential given by (16) form a solution for a flame 
propagating into an unconfined environment.  The apparent instantaneous flame speed is then 
calculated from drf/dt using the relations (18), (19), and (1).  The model requires values for 
unstretched laminar flame speed, su

o, Markstein length, Lb, and density ratio, σ, as input 
parameters. 

To create the cylindrical pipe boundary, we can superpose a ring of sources with strength 
distribution, q(t), at distance, η, from the origin summed over all angles, γ, from 0 to 2π, 

  
{ }

γ
γηγη
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where the strength distribution, q(t), and distance, η, are chosen to satisfy 

  0=
∂

∂
=

=
=

Rwr

cylinder
Rwrr r

u
φ

 (21) 

where r is the radial direction in the pipe and Rw is the radius of the wall, and  

 centerringcylinder φφφ += . (22) 

Likewise, the unburned gas velocity, uu, can be calculated by using the cylindrical flow potential 
of (22) in equation (19) and the apparent instantaneous flame speed, su,apparent, in a specific 
direction can be calculated using (18) and (1).  The model is applicable when the flow deviation 
is small, such that the strength and spatial distribution of the hot gas expansion remains nearly 
constant, and the flow velocity deviation, δ, is decoupled from the flame propagation process and 
is a merely a function of flame position relative to the boundary conditions. 

Figure 3a illustrates the effect of the cylindrical pipe on the apparent flame speed of a mixture 
with su

o = 225.7 cm/s, Lu = 0.0212 cm, and σ = 5.36, and Rw = 5 cm along the radial direction of 
propagation, which is the direction measured in cylindrical bombs.  Of course, the true flame 
speed is unchanged, but determination of the flame speed from drf/dt, using the typical data 
reduction procedure for spherical flames described earlier, yields erroneous results for a flow 
field which departs from our assumptions. 
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Figure 3: (a) Apparent instantaneous flame speed of unconfined and cylindrical models; (b) Flame 
shape evolution of unconfined (dotted) and cylindrical (solid) models 

The plots reveal similarity of the unconfined and cylindrical cases for small radii (large stretch) 
and then a lower apparent flame speed for the cylindrical case for large radii (small stretch) due 
to a reduced unburned gas velocity in the radial direction. The linear region at small radii is thus 
the data range over which extrapolation should be performed. 

Figure 3b displays the spatial evolution of the flame front for the unconfined and cylindrical pipe 
models, from the perspective perpendicular to the axial direction.  The plot shows that the flame 
shapes for the two cases are similar for small radii, but then differ significantly for large radii.  
The cylindrical pipe compresses the wave front in the radial direction and stretches it in the axial 
direction forming an elliptical shape.  In the perspective along the axial direction (the view 
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observed in schlieren pictures of the cylindrical-bomb experiments), the flame front for the 
cylindrical confinement is circular but progresses at a lower rate than that of the unconfined case. 

It is expected that the flow in the cylindrical pipe may serve as an approximate model of the flow 
in a constant-pressure cylindrical bomb.  Figure 4 compares the apparent flame speeds of an 
experiment of a hydrogen-air mixture of equivalence ratio 3.0 at 1 atm to the cylindrical pipe 
model using su

o = 225.7 cm/s, Lu = 0.0212 cm, and σ = 5.36 as before (where the values for su
o 

and Lu had been obtained from reduction of the experimental data over 0.5 cm to 1.5 cm).  The 
agreement between the experiment and the cylindrical pipe model is quite good despite its 
simplicity.  The apparent flame speed of both cases agree with the unconfined case for small 
radii (large stretch), diverge from the unconfined case at moderate radii (moderate stretch), and 
decrease rapidly at large radii (small stretch). 
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Figure 4: Comparison of cylindrical model to cylindrical experimental data 

The result demonstrates the significance of flow field effects even in a constant-pressure 
combustion process.  This marks the first time that the “wall interference” mentioned previously 
in the literature for cylindrical-bomb measurements has been qualitatively and quantitatively 
explained.  The results from this analysis assist in the choice of data range and suggest possible 
correction factors for cylindrical bomb measurements.   

4. Results and Discussion 

Laminar flame speeds for syngas mixtures of various compositions up to 20 atm were measured 
using more restrictive measures for data reduction motivated by the results of the previous 
section.  The syngas mixtures were composed of αCO2CO2 + (1-αCO2)αH2H2 + (1-αCO2)(1-αH2)CO, 
where αCO2 = XCO2/(XCO2+XCO+XH2) is the CO2 molar fraction in the fuel mixture, αH2 = 
XH2/(XH2+XCO) is the H2-CO ratio, and X is the mole fraction.  The oxidizer mixtures were 
composed of O2+3.76N2 for air and O2+7He for the oxygen-helium oxidizer.  In light of the 
results from the flow field analysis section and previous studies of ignition effects [20,26], the 
data range used for extrapolation in this paper was 0.6 < r < 1.5 cm (= 0.30Rw), in order to 
minimize the effect of ignition, transient processes and non-uniform flow field.  During this 
range for the conditions studied here, the flame front image was observed to be relatively smooth 
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and circular and the stretched flame speed was observed to obey a linear dependence with 
stretch, as demonstrated in Figure 5a.  Since flame speed measurements at low stretch rates are 
necessary for accurate extrapolation to zero stretch [39], the limitations imposed are expected to 
increase the uncertainty in the extrapolation compared to experiments that can accurately 
measure flame speeds at lower stretch rates. 

Laminar burning velocities of an H2-CO = 50:50 syngas mixture in air at 1 atm are presented 
from the present experiment in Figure 6, along with experiments by McLean et al. [2], Hassan et 
al.[3], and Sun et al. [6], and simulations using the recent mechanisms of Li et al. [15], Davis et 
al. [16], and Sun et al [6].  The measured burning velocities reach a peak value of 186 cm/s at an 
equivalence ratio of 2.0.  Since the present experiments and those of Sun et al. were both 
conducted in constant-pressure cylindrical bombs, the difference in planar burning velocities 
results primarily from different choices of the data range used for extrapolation.  For comparison, 
extrapolated planar burning velocities are presented in Figure 5b for flame speed-stretch data 
extrapolated over 0.6 cm < r < 0.30Rw and for data extrapolated over 0.6 cm < r < 0.54Rw 
(measurements were not made for flame radii larger than 2.7 cm in the experiment) along with 
the data of Sun et al.  The corrected data range (0.6 cm < r < 0.30Rw) is seen to raise the 
extrapolated burning velocity by as much as 6% from the burning velocity found from 
extrapolation over a wider range (0.6 cm < r < 0.54Rw), which is more strongly influenced by 
flow field deviations. 

While the deviation in the instantaneous flame speed is a function of density ratio and flame 
position only, the deviation in the extrapolated burning velocity is more complicated.  The error 
in extrapolation also depends on Σ(κi-κmean)2 and κmean, where κi is the stretch rate at the ith point 
and κmean is the mean stretch rate, as discussed in [39].  While Sun et al. did not report the data 
range used for these measurements specifically, they referred to Tse et al. [7] for a detailed 
description of the experiment, where the range r < 0.61Rw was used.  The data of Sun et al. and 
the data extrapolated over 0.6 cm < r < 0.54Rw nearly coincide for equivalence ratio less than 
2.0, but the data of Sun et al. are still lower at rich conditions.  The difference in the values 
obtained using the two extrapolation ranges of the present experimental data demonstrates the 
significance of restricting data reduction to small radii in constant-pressure cylindrical bombs. 
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Figure 5: (a) Extrapolation of flame speeds to zero stretch rate using 0.6 cm < r < 0.30Rw and (b) 
comparison of laminar burning velocities using different data ranges for extrapolation for an H2-

CO = 50:50 syngas mixture in air at 1 atm 
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As Figure 6 shows, while the experiments and simulations are consistent for lean mixtures, the 
values diverge as the mixture becomes richer.  Despite the fact that all four data sets were from 
stretch-corrected measurements of spherical flames, no two data sets agree well over the whole 
range of equivalence ratio and some differ by up to 40%.  While Hassan et al. and McLean et al. 
report uncertainties (with 95% confidence) of 12% and 6%, respectively, these values differ by 
40% at very rich conditions.  The disagreement in the experimental data suggests that the 
uncertainties for flame speed measurements are much higher than previously suggested.  Given 
the substantial variation in the data, significantly more data and more rigorous calculations of 
uncertainty for these experiments are necessary before quantitative conclusions can be gathered 
and the performance of these mechanisms can be properly assessed. 
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Figure 6: Laminar burning velocities for an H2-CO = 50:50 syngas mixture in air at 1 atm 

Laminar burning velocities over a range of equivalence ratios of an H2-CO = 25:75 syngas 
mixture in oxygen-helium oxidizer for 10 and 20 atm are presented in Figure 7a. The measured 
burning velocities reach peak values of 106 cm/s at an equivalence ratio of 1.8 and 81 cm/s at an 
equivalence ratio of 1.6, for 10 and 20 atm, respectively.  The present measurements are higher 
than those of Sun et al. at 10 atm by more than 10% at lean and stoichiometric conditions.  They 
agree for most conditions at 20 atm, except for rich conditions where the present measurements 
are lower by more than 10%.  Simulations using Li et al. and Sun et al. yield values within 5% of 
the present high-pressure measurements, except for rich conditions, where the present 
measurements indicate a stronger adverse dependence of flame speed with equivalence ratio than 
predicted by Sun et al. and Davis et al. at 20 atm and Li et al. at 10 and 20 atm.  
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Figure 7: Laminar burning velocities at elevated pressures of an H2-CO = 25:75 syngas mixture in 
an O2:He = 1:7 oxidizer varying (a) equivalence ratio and (b) CO2 concentration in the fuel mixture 
for equivalence ratio = 1.0 from present experiments (solid symbols), experiments by Sun et al. 

(open symbols), and simulations using Li et al. (bold lines), Davis et al. (solid lines), and Sun et al. 
(dashed lines) 

Laminar burning velocities over a range of CO2 concentrations of an H2-CO = 25:75 syngas 
mixture in oxygen-helium oxidizer are presented in Figure 7b for 10 atm at stoichiometric 
conditions.  The measured burning velocities indicate a decreasing linear dependence of burning 
velocity with CO2 dilution.  The experimental data for unstretched laminar burning velocity 
agree well with planar calculations using the three mechanisms for each CO2 fraction as well as 
the decreasing linear slope in flame speed with increasing CO2 dilution.  The three mechanisms 
yield similar results, but Sun et al. predicts slightly higher flame speeds than Li et al., which 
predicts slightly higher flame speeds for low CO2 concentrations and a slightly stronger adverse 
dependence of CO2 concentration on the flame speed than Davis et al. 

5. Concluding Remarks 

The effect of flow field deviation due to constant-pressure non-spherical chambers is 
investigated experimentally and analytically, revealing that the resulting deviation in the 
measured instantaneous flame speed is (σ-1) times the deviation in the flow field, where σ is the 
unburned to burned gas density ratio.  Since the density ratio for typical hydrocarbon-air 
mixtures is ~5-9, the flame speed measurement is extremely sensitive to departures from the 
theoretical flow field.  A simple model is formulated to demonstrate the behavior observed in 
constant-pressure cylindrical bombs.  In cylindrical chambers, where the flow is typically most 
constrained in the plane of measurement (radial direction), failure to consider this effect results 
in lower values for the measured flame speed.  We plan to continue this work to quantify this 
effect more accurately for the constant-pressure cylindrical bomb with detailed simulations. 

Planar burning velocities were measured for H2/CO/CO2 mixtures varying in equivalence ratio 
from 0.6 to 4.0, pressure from 1 to 20 atm, and CO2 dilution from 0 to 25%.  The data range used 
for extrapolation to zero stretch was chosen to be 0.6 cm < r < 1.5 cm (= 0.30Rw), where Rw is 
the chamber wall radius, motivated by the results of the flow field analysis.  The corrected data 
range (0.6 cm < r < 0.30Rw) is seen to raise the extrapolated burning velocity by as much as 6% 
from the burning velocity found from extrapolation over a wider range (0.6 cm < r < 0.54Rw), 
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which is more strongly influenced by flow field deviations.  While the experimental data and 
predictions for burning velocity agree reasonably well at lean conditions, large discrepancies 
occur at rich conditions.  Comparison of the available stretch-corrected flame speed data for the 
conditions studied reveals substantial variation, indicating that significantly more data and more 
rigorous calculations of uncertainty are necessary before quantitative conclusions can be made 
and the performance of kinetic mechanisms can be properly assessed. 
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