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ABSTRACT 
 Laminar flame speeds at elevated pressure for methane-based 

fuel blends are important for refining the chemical kinetics 

that are relevant at engine conditions. The present paper builds 
on earlier measurements and modeling by the authors by 

extending the validity of a chemical kinetics mechanism to 

laminar flame speed measurements obtained in mixtures 

containing significant levels of helium. Such mixtures increase 

the stability of the experimental flames at elevated pressures 

and extend the range of laminar flame speeds. Two 

experimental techniques were utilized, namely a Bunsen 

burner method and an expanding spherical flame method. 

Pressures up to 10 atm were studied, and the mixtures ranged 

from pure methane to binary blends of CH4/C2H6 and 

CH4/C3H8. In the Bunsen flames, the data include elevated 

initial temperatures up to 650 K. There is generally good 
agreement between model and experiment, although some 

discrepancies still exist with respect to equivalence ratio for 

certain cases. A significant result of the present study is that 

the effect of mixture composition on flame speed is well 

captured by the mechanism over the extreme ranges of initial 

pressure and temperature covered herein. Similarly, the 

mechanism does an excellent job at modeling the effect of 

initial temperature for methane-based mixtures up to at least 

650 K. 

 
INTRODUCTION 

Because of its importance to chemical kinetic mechanism 

development and gas turbine combustion, laminar flame speed 

continues to be a topic of active research [1]–[4]. Mixtures of 

methane, ethane, and propane are of particular interest because 

they are the primary components of natural gas-based fuels for 

power generation gas turbine engines. Recent work by the 

authors has concentrated on the use of laminar flame speeds of 

binary fuel blends at elevated pressure to validate a modern 

chemical kinetics mechanism [1]. However, at elevated 
pressures, premixed laminar flames become highly susceptible 

to thermal and hydrodynamic instabilities, therefore limiting 

the practical experimental limits of observation. One method 

for extending the stable limits of laminar flame propagation at 

elevated pressures is to replace some or all of the nitrogen in 

the fuel-air mixture with helium [5]–[7]. The present study 

focuses on recent experiments and modeling of high-pressure 

laminar flame speeds of methane-based blends in the presence 

of a helium diluent. 

As a part of this study, an improved version of a C4 chemical 

kinetics model [8]–[11] was developed by the authors. It 

includes 228 species and 1,324 reactions. Two complementary 
methods are employed here to measure flame speeds. The first 

is a spherical flame speed approach employing a constant 

volume combustion-bomb performed at Texas A&M 

University (TAMU). Using this approach, both un-stretched 

laminar flame speeds and Markstein lengths can be 

determined. The second measurement approach utilizes a 

laminar jet flame and measurement of the burned flame area 

using imaging of the chemiluminescence emissions performed 

at Georgia Institute of Technology (GT). This approach for 

measuring laminar flame speed, which has been validated 

previously for H2 and hydrocarbon fuels [12], provides access 
to higher temperatures than typically attainable in the spherical 

flame approach. Provided in this paper are brief overviews of 

both experimental techniques (bomb and Bunsen flame), 

followed by an overview of the kinetic mechanism and the 

recent improvements made to it. Results from the experiments 
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for the pure methane and ethane cases are summarized first, 

and the results for the methane-ethane and methane-propane 

blends provided second. 

 

 

EXPERIMENTAL SETUP 
Design and Hardware (TAMU) 
A constant-volume cylindrical vessel made from 7075-T6 

aluminum alloy was used to perform the experiments within 

this study. The vessel’s basic dimensions are an interior 
diameter of 30.5 cm, an outer diameter of 38.1 cm, and an 

internal length of 35.6 cm. Two 20-cm diameter, 6.35-cm 

thick fused quartz windows, which are clamped between 

neoprene gaskets with stainless steel spacers, provide a 12.7-

cm diameter optical port through the vessel.  

Table 1: Gas purity summary. 

Gas Grade Purity

CH4 3.7 99.97%

C2H6 3.5 99.95%

C3H8 Instument 99.5%

O2 UHP 99.999%

N2 UHP 99.999%

He UHP 99.999%
 

All mixtures were made using the partial pressure method 

either directly in the vessel or in a separate, stainless steel 

mixing tank. The purity of the gases used in the present study 

and referenced from previous studies is summarized in Table 
1.Further details on the facility are provided in de Vries [13]. 

A Z-type Schlieren system was used to monitor the expansion 

of the flame. Figure 1 shows a schematic of the optical setup, 

which is similar to that suggested by Settles [14]. The system 

has f/8 optics throughout, with 15.2-cm diameter parabolic 

mirrors. A circular pinhole aperture was found in earlier 

studies by the authors to resolve the image better than a 

vertical knife edge [4]. The images were recorded using a 

high-speed camera. 

 
Figure 1: Optical setup for high-speed schlieren system. 

 

Figure 2 shows sample images from this study; these images 

demonstrate the quality of images taken and show the 

continuous laminar behavior of a 10-atm initial pressure 

methane-helium mixture. The time step in Figure 2 is 

normalized to the first image presented. 

 

 
Figure 2: Flame images for 10-atm pure CH4 with a 1:6 O2:He at 

φ=1.0 (left), φ=1.1 (middle), and φ=1.2 (right). 
 

Bunsen Flame Facility (GT) 
A schematic of the second experimental facility used for flame 

speed measurements with the modified Bunsen flame 

technique is shown in Figure 3. The facility produces 

axisymmetric jet flames using contoured laminar nozzle. The 

reactant gas flow rates are measured individually using a bank 

of rotameters and allowed sufficient residence time to mix 

thoroughly before passing through the nozzle. The rotameters 
are calibrated for the desired flow rate range, at the supply 

pressure, using a wet test meter for high flow rates and a 

bubble flow meter for low flow rates. Overall, the flow rate 

calibration has an accuracy of better than 1%. 

 

The reactant mixture passes through a plenum where it is 

preheated to the desired temperature with electric resistance 

heaters. The temperature of the reactants is monitored with a 

K-type thermocouple placed 25 mm upstream of the exit. The 

exit diameter of the contoured burner is 9 mm. A sintered plate 

surrounding the nozzle exit is used to produce a near-

stoichiometric, flat, methane–air pilot flame. The pilot flame 
helps to anchor the flame at high flow rates. The complete 
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burner assembly is placed in a nitrogen ventilated pressure 

chamber. The pressure chamber can withstand up to 30 bar 

pressure at a wall temperature of 500 K (which is well above 

the typical wall temperature during operation). 

 

 
Figure 3: Schematic of the experimental setup. 
 

Optical access for flame imaging is provided by three, 25.4-

mm diameter quartz windows. Broadband chemiluminescence 

images of the Bunsen flame are acquired using a 16-bit ICCD 

camera attached with f/4.5, 105 mm UV Nikkor lens. The 

camera is sensitive in the visible and ultraviolet range and 

capable of capturing CH*, OH* and CO2* chemiluminescence 

from the flame. The magnification of the imaging system 

ranged from ~30–50 µm/pixel.  

 

 
Figure 4: Instantaneous images of the flame. (a) CH4–O2:He 

(1:5), 10 atm, 326 K, Φ=0.86, (b) C2H6–air, 5 atm, 333 K, Φ=0.86, 

(c) C3H8–air, 1 atm, 650 K, Φ=0.87. 

Example flame images are shown in Figure 4 for a range of 

fuels and pressures. The image exposure times are a few 

milliseconds, and reveal the flames to be essentially 

axisymmetric and stable. 

 

The chemiluminescence images are analyzed to determine the 
reaction zone location with a gradient-based edge detection 

algorithm. The algorithm finds the inner edge of the reaction 

zone for both the left and right half images, from which the 

reaction zone area. The reaction zone areas from 50 

realizations are then averaged to determine the flame area (Ab) 

at each operating condition. The unstretched, unburned flame 

speed (SL) can then be calculated from, , where  is 
the measured volumetric flow rate of the reactants. This 

procedure, which involves determining the reaction zone area 

as opposed to the inner edge of the preheat zone has been 

shown to provide a better estimate of the unstretched (1-d) 

flame speed, as it is only weakly affected by the flame 

curvature and because the Bunsen flame strain is primarily 

restricted to the low area flame tip [12]. 

 
Modeling 
A chemical kinetic mechanism was developed and simulations 

performed using the Premix module in the CHEMKIN-PRO 

package[15]. The detailed chemical kinetics mechanism is 

based on the hierarchical nature of hydrocarbon combustion 

mechanisms containing the H2/O2 sub-mechanism [8], 

together with the CO/CH4 and the C2 and C3 sub-mechanisms 

that have already been published [9]–[11]. The C4 sub-

mechanism has been fully detailed in two recent papers on the 

butane isomers [16], [17]. The current mechanism version is 

denoted C4_52.0_LT, containing 228 species and 1324 
reactions, which is an update from the mechanism previously 

presented by some of the authors describing laminar flame 

speeds of pure and blended alkanes [1]. This mechanism 

contains detailed chemistry describing both the high and low 

temperature combustion pathways of C1 to C4 hydrocarbons. 

As the species involved in these low temperature pathways 

(e.g. alkylperoxy radicals, hydroperoxyl-alkyl radicals, 

ketohydroperoxide species etc.) are not formed at the elevated 

temperatures encountered in the flame environment, they have 

been removed from the mechanism, together with their 

reactions, resulting in a significant decrease in the 

computational time required to converge the flame speed 
simulations. Two mechanisms resulted from the process, 

C3_52.0_HT, and C4_52.0_HT containing reactions 

describing the high temperature combustion of the relevant 

hydrocarbons, namely C1–C3 and C1–C4. All three 

mechanisms were seen to provide almost identical predictions 

of flame speed (ca. < 0.2 cm s–1 difference) for a variety of 

different fuel mixtures and initial conditions, identifying no 

loss of accuracy with the decreasing computational cost. 

Almost all of the calculations shown below were performed 

with the C3_52.0_HT version of the mechanism, containing 
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94 species and 583 reactions. There has been several updates 

to the mechanism from our previous work [1], based on 

further improving the agreement with the methane, ethane, 

propane data presented in [1] and a concurrent extensive 

modeling and experimental effort to increase our knowledge 

of various C0–C4 fuels. 
  
Table 2: Updated rate coefficients in mechanism version 

C4_52.0_LT. cm
3
 mol

–1
 s

–1
 cal

–1
 units. 

Reaction A n Ea Ref. 
H+O2O+OH 9.65E+14 –

0.26 

16200. [18] 

H2O2(+M)OH+OH(+M) 8.59E+14 0.00 48560. [18] 

LOW 9.55E+15 0.00 42203.  

TROE 1.0 1.0E+30 1.0E+30 

N2/1.5/H2O/9.0/ 

H2O2+OHH2O+HO2 1.74E+12 0.00 318. [18] 

H2O2+OHH2O+HO2 7.59E+13 0.00 7269.  

CO+HO2CO2+OH 1.57E+05 2.18 17940. [19] 

CH2+O2HCO+OH 1.06E+13 0.00 1500. [20] 

CH2+O2CO2+H+H 2.64E+12 0.00 1500. [20] 

C2H6+O2C2H5+HO2 6.03E+13 0.00 51870. [21] 

HCCO+O2OH+CO+CO 1.91E+11 –

0.02 

1020. [22] 

HCCO+O2CO2+CO+H 4.78E+12 –

0.14 

1150. [22] 

C2H6+HO2C2H5+H2O2 6.92E+01 3.61 16920. [23] 

C2H5(+M)C2H4+H(+M) 1.11E+10 1.04 36769. [24] 

LOW 3.99E+33 –

4.99 

40000.  

TROE 0.168 1203.0 0.0 

H2/2.0/ H2O/6.0/ CH4/2.0/ CO/1.5/ CO2/2.0/ Ar/0.7/ 

CH3+CH3(+M)C2H5+H(+M) 4.99E12 0.10 1060. [25] 

HIGH 3.80E–7 4.84 7710.  

SRI 1.641 4334.0 2725.0 

C2H5+O2C2H4+HO2 3.78E+14 –

1.01 

4749. [26] 

CH3CO(+M)CH3+CO(+M) 1.07E+12 0.63 16900. [27] 

LOW 5.65E+18 –

0.97 

14600.  

TROE 0.629 8.73E+09 5.52 7.60E+07 

CH2CHO(+M)CH2CO+H(+M) 1.43E+15 –

0.15 

45600. [27] 

LOW 6.00E+29 –3.8 43424.  

TROE 0.985 393.0 9.80E+09 5.00E+09 

CH2CHO(+M)CH3+CO(+M) 2.93E+12 0.29 40300. [27] 

LOW 9.52E+33 –

5.07 

41300.  

TROE 7.13E–17 1.15E+03 4.99E+09 1.79E+09 

C2H4+OCH3+HCO 6.78E+06 1.88 183. [28] 

C2H4+OCH2CHO+H 6.78E+06 1.88 183. [28] 

C2H4+O2C2H3+HO2 4.22E+13 0.00 57623. [29] 

C2H4+CH3O2C2H3+CH3O2H 8.59E+00 3.75 27132. [30] 

C2H4+C2H5O2C2H3+C2H5O2H 8.59E+00 3.75 27132. [30] 

C2H4+HO2C2H4O1-2+OH 1.12E+12 0.0 17190. Est. 

C2H3+O2<=>CH2O+HCO 1.70E+29 –

5.31 

6503. [31] 

C2H3+O2<=>CH2CHO+O 7.00E+14 –

0.61 

5262. [31] 

C2H3+O2<=>C2H2+HO2 5.19E+15 –

1.26 

3313. [31] 

 

All of the relevant updates to the mechanism are shown in 

Table 2 while the most important updates will be discussed in 

the text.  

 

The mechanism undergoes simultaneous optimization to many 

relevant datasets. These include low temperature, high 
pressure rapid compression machine ignition delay time 

measurements of hydrogen/oxygen mixtures and methane/air 

mixtures, shock tube ignition delays measurements of 

methane, ethane (and their mixtures), ethylene, and dimethyl 

ether, and also laminar flame speed measurements of 

acetylene and acetone. These particular C0–C4 components are 

highlighted as their investigations have resulted in the 

improvements in performance of the C4 mechanism from that 

presented in [1]. It also highlights the importance of validating 

a mechanism against a wide range of targets, leading to a 

globally applicable C0–C4 mechanism. The mechanism has not 

been optimized using any of the new data presented in this 
work, namely the flame speeds measured at elevated 

temperatures and diluted in helium. 

The H2/O2 sub-mechanism was updated based on recent work 

by Hong et al. [18]. The rate constant recommended for the 

very important chain branching reaction between atomic 

hydrogen and molecular oxygen producing two reactive 

radicals in the form of oxygen atom and hydroxyl radical has 

been adopted from this work. Hong et al. also recommend 

values for the pressure dependant decomposition of hydrogen 

peroxide to form two hydroxyl radicals, and this expression 

has also been integrated into the current version of the 
mechanism. 

 

The pressure-dependant decomposition of ethyl radical is a 

very important reaction in the combustion of ethane and 

ethylene, and thus many larger hydrocarbon fuels. In our 

previous work [1] the detailed description from Miller and 

Klippenstein [32] was adopted which improved the 

mechanism predictions of ethane/air flame speed. However, 

when validating the mechanism against methane/ethane shock 

tube ignition delay data and ethylene shock tube ignition delay 

data, the Miller and Klippenstein description of ethyl 

decomposition caused a large increase in reactivity that could 
not be reconciled with the current kinetic scheme. Their 

description is the product of a very detailed computational 

analysis and is very well validated against low pressure data, 

but in the pressure range of the aforementioned ignition delay 

studies (approximately 1–30 atm) it caused an over-prediction 

in reactivity. Efforts are continuing to solve this anomaly, but 

in order to have a robust mechanism applicable to engine 

relevant conditions a different description [24] has been 

adopted. 

 

A chemically activated description of the reaction between 
two methyl radicals to form ethyl radical and hydrogen atom 

has been adopted from Stewart et al. [25] to improve the 

predicted pressure dependence observed experimentally in the 
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room temperature, methane/air and ethane/air flame speed 

measurements. 

 

An important improvement to the ethylene sub-mechanism 

was made by adopting the pressure dependant decomposition 

of the CH2CHO radical from the work of Senosiain et al. [27] 
and the recommendation of Baulch et al. [28] for the reaction 

between ethylene and atomic oxygen. The branching ratios of 

both these channels were slightly adjusted to improve 

agreement with ethylene/air shock-tube ignition delay 

measurements, with the adjusted values shown in Table 2. 

 

Finally, the authors would like to highlight some issues 

encountered during the simulation of the helium-diluted 

mixtures. As mentioned previously, the simulations were 

performed using the Premix module of Chemkin Pro. As a 

check of the validity of a flame speed calculation, it is routine 

to ensure that the final temperature calculated by Premix at a 
large distance from the burner is equal to the adiabatic flame 

temperature of the relevant mixture. This is a good test of the 

level of convergence of the solution and for the nitrogen 

diluted mixtures the agreement between these two 

temperatures was excellent, within a fraction of a degree. 

However, for the helium diluted cases, and in particular for the 

ethane and propane containing mixtures, the final temperature 

predicted by Premix was constantly approximately ten degrees 

higher than the relevant adiabatic flame temperature. This 

issue was found to be independent of mechanism and 

thermochemistry and present even if the solution was solved 
using a very fine mesh (>1500 grid points) and a very large 

domain (XEND–XSTR = 120 cm). 

 

Based on a limited analysis, it is estimated that the calculated 

flame speeds should be approximately 1.0 cm s–1 lower than 

presented for the helium-diluted experiments. 

 

RESULTS 
A list of conditions and mixture compositions presented in this 

work is summarized in Table 3. 

Table 3: Mixture compositions and experimental conditions 

presented in this study. 
Mixture % Diluent Tu (K) Pi (atm) Facility 

CH4 C2H6 C3H8 

100 0 0 O2(1):He(5) 0.8–1.2 ≈298 10.0 TAMU 

0 100 0 Air 0.7–1.2 ≈325 5.0 GT 

80 20 0 O2(1):He(6) 0.6–1.2 ≈600 5 & 10 GT 

60 40 0 O2(1):He(6) 0.6–1.2 ≈305 & 

600 

5.0 GT 

80 20 0 O2(1):He(6) 1.0 ≈298 & 

600 

5 & 10 GT & 

TAMU 

60 40 0 O2(1):He(6) 1.0 ≈298 & 

600 

5 & 10 GT & 

TAMU 

80 0 20 O2(1):He(6) 1.0 ≈298 & 

600 

5.0 GT & 

TAMU 

60 0 40 O2(1):He(6) 1.0 ≈298 & 

600 

5.0 GT & 

TAMU 

 
Methane 
Figure 5 shows the results for the pure methane study 

performed at TAMU [1] and at GT [33] against the 

experimental work done by Aung et al. [34]; Hassan et al. 

[35]; Vagelopoulos and Egolfopoulos [36]; Gu et al. [37]; 

Rozenchan et al. [38]; Bosschaart and de Goey [39]; and 

Tahtouh et al. [40].  
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Figure 5: Methane laminar flame speed results in air at 1, 5 and 

10 atm. Points are experimental results, lines are model 

predictions. 

 

This figure is included to show how flame speed data taken in 

the authors’ experimental facilities compare with literature 

data as a function of both equivalence and pressure under 

“conventional” fuel in air conditions. 
 

Predictions of the chemical kinetic model are also included. At 

1 atm there is a remarkable spread in maximum measured 

flame speed between 35 and 40 cm s–1 (or nearly 10%) at an 
equivalence ratio of between 1.05 and 1.1. This may be partly 

due to problems with flame stretch not being accounted for in 

earlier measurements. The experimental data from TAMU at 

1-atm is slower compared to the other literature data while that 

from GT is on the faster side. At 5- and 10-atm the TAMU 

data agrees well with the data of Gu et al. [37] and Rozenchan 

et al. [38], certainly within the 1-cm/s uncertainty in the 
measured flame speeds. The results are internally consistent 

and follow the expected trend of decreasing flame speed with 

increasing pressure. In addition, the model agrees quite well 

with the data and captures the pressure dependence very well.  
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Figure 6: Methane laminar flame speed results with O2 / He (1:5) 

diluent at p = 10 atm. Points are experimental results, lines are 

model predictions. 

 

Figure 6 shows comparisons of experimental results for pure 

methane at an O2:He ratio of 1:5 at 10-atm and at unburned 
gas temperatures of 295, 298 and 325 K. Here it can be seen 

that as the temperature increases so does the flame speed, 

throughout the equivalence ratio range. 

 

Comparing the experimental TAMU data recorded at 295 K 

with that of Rozenchan et al. [38] measured at 298 K (only a 

3oC difference) it is possible to observe the effect of unburned 

gas temperature both in the experimental results and model 

predictions. The model captures well the sensitivity of flame 

speed to both the unburned gas temperature and the 

equivalence ratio. 
 

In addition, the higher reactant temperature data recorded at 

GT [33] are well simulated by the model, which again shows 

the effect of reactant preheat temperature on flame speed; 

significantly faster flame speeds are observed at 325 K 

compared to 295/298 K. The data are available only under 

lean conditions but the calculations have been extended to rich 

conditions to indicate the overall behavior. 

 
Ethane 
Figure 7 presents the pure ethane results taken in the TAMU 

facility [1] against the experimental work of Aung et al. [34]; 
Vagelopoulos and Egolfopoulos [36]; Konnov et al. [41]; 

Bosschaart and de Goey [39]; Jomaas et al. [42]; Dyakov et al. 

[43]; and the authors’ kinetics model at 1-, 5- and 10-atm with 

an unburned gas temperature of 295–298 K. The atmospheric-

ethane results show that there is good agreement between the 

data presented herein and previously published results. 
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Figure 7: Ethane laminar flame speed results in air at 1, 5 and 10 

atm. Points are experimental results, lines are model predictions. 

 

Again the data measured at TAMU is slightly slower than that 

taken in other facilities at 1-atm. However, the results from 

Jomaas et al. [42] agree well with the TAMU study across the 

range of experiments at 1- and 5-atm. In addition, the model 

shows good agreement with the experimental data at 1- and 5-

atm. Moreover the ability of the model to accurately capture 
the influence of reactant temperature is seen in the agreement 

with the GT data, which was taken at an unburned gas 

temperature of 325 K, even though it does under-predict the 

peak flame speeds measured at GT for equivalence ratios in 

the range 1.0–1.2. 

 

The experimental results of the pure-ethane mixtures at 10 atm 

at TAMU are also under-predicted by the model, where 

predicted flame speeds are about 20% lower than the 

experiments at their peak in the range  = 1.0–1.2. 
 
Propane 
Figure 8 presents the pure propane results taken in the TAMU 
facility [1] compared to the experimental work of 

Vagelopoulos and Egolfopoulos [36]; Zhao et al. [44]; Jomaas 

et al. [42]; Gibbs and Calcote [45]; Bosschaart and de Goey 

[39]; Dugger et al.[46]; Van Maaren and De Goey [47]; 

Hassan et al. [48]; Metghalchi and Keck [49]; Zhou and 

Garner [50] Law and Kwon [51]; Tang et al. [52]; Tseng [53] 

and Razus et al. [54] all taken at an unburned gas temperature 

of 298 K. 
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Figure 8: Propane laminar flame speed results in air at 1- and 5-

atm. Points are experimental results, lines are model predictions. 

 
It is evident that at 1 atm there is considerable scatter in the 
data, largely due to earlier data having problems with flame 

stretch and facilities being less sophisticated. However, there 

is good agreement between the recent work performed at 

TAMU and that performed by Vagelopoulos and Egolfopoulos 

[36], Jomaas et al. [42], Zhou and Garner [50], Law and Kwon 

[51] and Tseng et al. [53]. At 5 atm there is very good 

agreement between the TAMU data and the data of Jomaas et 

al. At both 1- and 5-atm the model agrees well with the 

experimental data. 
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Figure 9: Effect of unburned gas temperature on C3H8 laminar 

flame speed for undiluted mixtures in air at  = 1.0, P = 1 atm. 

Points are experimental results, line is model prediction. 

Figure 9 depicts the effect of unburned gas temperature on 

flame speed at  = 1.0 and at 1-atm pressure for data taken 
from the work of Zhao et al. [44], Tang et al. [52], Razus et al. 

[54], Dugger et al. [46] and from the laboratories at TAMU [1] 
and GT [33]. 

 

The experimental data show that there is a strong positive 

dependence of measured flame speed on temperature and this 

is accurately captured by the model. At approximately 300 K 

the flame speed is measured to be 40 cm s–1, rising to 

approximately 160 cm s–1 at 650 K. Where experimental data 

overlap at approximately 360 K for Tang et al. and Dugger et 

al. and at 650 K for Zhou and Garner and the GT data there is 

also very good agreement.  
 

Fuel Mixtures 
The fuel blend studies consisted of 80%/20% and 60%/40% 

splits of methane/ethane, and methane/propane on a volume 

basis, performed at varying initial pressures and temperatures. 

In addition, the oxidizer for these cases was a 1:6 mixture of 

O2:He, and represent the first flame speed measurements of 

such blends. Helium was used as a diluent to suppress flame 

instabilities in the experiments at the high-pressure operating 

conditions. The ratio of O2 to He was chosen to produce nearly 

the same adiabatic flame temperatures as fuel-air mixtures. 

For example, the adiabatic flame temperature of a 
stoichiometric mixture of 80% methane and 20% ethane with 

air at 5 atm and 300 K reactant temperature is ~2270 K. For 

the same conditions employing the He:O2 oxidizer, the 

adiabatic flame temperature is 7 K higher. Generally the 

difference is less than 10K between air and He:O2 oxidizer for 

the conditions of this study.  
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Figure 10: 80% CH4 / 20% C2H6 laminar flame speed results 

with O2:He (1:6) diluent, Tu ≈ 600 K taken at GT. Points are 

experimental results, lines are model predictions. 

 
Figure 10 shows experimental results for an 80% 

methane/20% ethane mixture at high reactant temperature 

(~600K) and high pressure (5- and 10-atm). At 5-atm, the 

experimental results show a peak in flame speed slightly on 

the rich side, which is similar to other data diluted in air and 

measured at lower pressure. At both 5- and 10-atm, the 
decrease in flame speed as a function of equivalence ratio for 

rich mixtures is observed to be steeper in the experiments 

compared to the model predictions. This equivalence ratio 

trend is feature of all of the data taken at high pressure for rich 

mixtures of methane with both ethane and propane. Overall 
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the model produces flame speeds that are slightly faster than 

the experimental results but captures the qualitative features. 

The shape of the variation in measured flame speed as a 

function of equivalence ratio is well reproduced. 
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Figure 11: 60% CH4 / 40% C2H6 laminar flame speed results 

with O2 / He (1:6) diluent, P = 5 atm taken at GT (305 and 600 

K). Points are experimental results, lines are model predictions. 

Figure 11 shows results for a mixture with higher ethane 
content (60% methane/40% ethane) at low and high preheat 

temperatures (305 and 600 K) and 5-atm. As in the lower 

ethane content case, there is reasonable agreement between the 

model and the experimental results. The overall shape and 

peak flame speeds found in the experimental data are well-

matched by the model results. As before, however, the 

experimental results appear to be slightly shifted to the lean 

side. This systematic discrepancy between the jet flame data 

and the model results is found to different extents in all the 

helium diluted cases. The source of the discrepancy has been 

investigated. For example, the estimated uncertainties in the 

experimental determination of mixture equivalence ratio and 
He dilution level were examined, and different approaches 

were used to calibrate the flow metering system used in the 

experiments. However, the estimated uncertainties (given in 

the Experimental Setup section) are insufficient to explain the 

observed discrepancies. 

 

Figure 12 furthers the discussion of blending ratio for the 

helium-diluted flames by showing the effect of decreasing the 

methane concentration on flame speed for mixtures of both 

methane-ethane and methane-propane. Figure 12 shows results 

for stoichiometric fuel-oxidizer mixtures. The data from both 
facilities show a decrease in flame speed with increasing 

methane concentration from 60–80% at both low and high 

temperatures and at 5 and 10 atm. 

0 10 20 30 40 50 60 70 80 90 100
30

40

50

60

120
140
160
180
200
220
240
260
280

 C
2
H

6
 GT 5 atm 305K        C

2
H

6
 TAMU 5 atm 295K

 C
2
H

6
 TAMU 10 atm 294K  C

2
H

6
 GT 5 atm 600K

 C
2
H

6
 GT 10 atm 600K      C

3
H

8
 TAMU 5 atm 294K

 C
3
H

8
 GT 5 atm 649K

S
0

L
,u
 (

c
m

 s
-1
)

% CH
4  

Figure 12: Influence of mixture composition on laminar flame 

speed results for CH4/C2H6 and CH4/C3H8 mixtures with O2 / He 

(1:6) diluent, p = 5 and 10 atm, TU ≈ 300 and 600 K,  = 1.0 taken 

in the two facilities. Points are experimental results, lines are 

model predictions. 

 

The results from the different facilities compare quite well 

with each other at low temperature (292–296K for the TAMU 

data and 303–305 K for the GT data) and present an internally 

consistent picture of the effect of both temperature and 

pressure on flame speed at stoichiometric conditions. The 

small discrepancy between measurements at low temperatures 

is indicative of the sensitivity of flame speed to reactant 

temperature. 
 

The model agrees well with experimental values, reproducing 

the effect of increasing methane concentration, increasing 

temperature and increasing pressure. The simulations are 

extended across the full range of values, from pure methane to 

pure ethane or propane. The variation in flame speed is seen to 

be nonlinear with fuel-composition. Small amounts of higher 

hydrocarbon fuels to methane increase the flame speed more 

than would be expected based on a simple linear superposition 

of the pure fuel flame speeds. This general behavior is 

consistent with previous studies of hydrocarbon fuel blends 
[55]. 

 

Further analysis on the effect of blending ratio was performed 

in the form of a modeling sensitivity analysis. The results are 

shown in Figure 13, which depicts the ten most sensitive 

reactions for a variety of different fuel mixtures from pure 

methane, to 60% methane 40% ethane, 60% methane 40% 

propane and finally to pure ethane and pure propane. The 

analysis centered on the effect of each reaction on the 

calculated mass flow rate, and was performed at a 

stoichiometry of 1.0, Tu = 298K and Pi = 5.0 atm. In all cases 

the O2/He ratio was maintained at 1:6. 
 

The dominant feature of Figure 13 is the importance of the 

reaction H+O2O+OH, across all the examined fuel blends. 

This feature is to be expected as this reaction is the most 
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important chain branching process in high temperature 

combustion kinetics. This reaction shows the highest 

sensitivity for the pure methane case, and decreases with 

increasing ethane concentration. This feature is also present 

when moving from pure methane to pure propane. 

 
The primary reaction responsible for the conversion of carbon 

monoxide to carbon dioxide at high temperatures, 

CO+OHCO2+H, is the next most important reaction. The 

promoting effect of this reaction is effectively constant over 

all conditions of this analysis, and would perhaps vary more 

with stoichiometry than with blending fractions. 

 

The final feature of this analysis to highlight is the sparsity of 

reactions involving the parent fuel molecules. No reactions 

involving ethane or propane are found in the ten most sensitive 

reactions at this condition, with only one abstraction reaction 

from methane showing sufficient sensitivity. However the 
recombination reaction between methyl radical and hydrogen 

atom to form methane is important under all 5 blending 

regimes. These points highlight the importance of small 

species chemistry to the high temperature combustion of larger 

hydrocarbon fuels, with accurate descriptions of the chemistry 

of methyl, hydroxyl and formyl racicals, together with atomic 

species, hydrogen and oxygen, extremely pertinent. 
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Figure 13: A flow rate sensitivity plot comparing different blends 

of CH4, C2H6 and C3H8 with O2 / He (1:6) diluent. Analysis 

performed at  = 1.0, Tu = 298K, and Pi = 5.0 atm. 

 

SUMMARY 
Two flame speed measurement facilities at TAMU and GT 

have been used to record flame speeds at unburned gas 

temperatures of ~300 K and 600–650 K and at pressures of 1-, 

5- and 10-atm. Agreement between the experimental data and 

results from previous work is quite good for the cases where 

overlapping data are available. The results show a strong 

sensitivity to reactant temperature. Even small increases in 

initial temperature (e.g., from 295K to 305K) produce 
measurably higher flame speeds. 

 

In addition, an improved C4 chemical kinetics model was 

presented, with comparisons between the model and the 

experimental data. Generally, good agreement is seen between 

the model and the experimental results. Systematic 

discrepancies were found between the modeling and jet flame 
data in cases of He diluted oxidizers. The experimental data 

produce peak laminar flame speeds at leaner mixtures than 

predicted by the model. Still, the model results are able to 

capture the temperature and pressure dependence of the 

laminar flame speed across the full range of pressures and 

temperatures examined here. In addition, it provides accurate 

predictions of flame speed for both pure fuels and for the 

binary mixtures of methane-ethane and methane-propane 

tested.  
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