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 Highlights  
• Measurements of laminar burning velocities at temperatures down to 160 

K were performed  

• Conical flames were utilized to determine the laminar burning velocity of 

5 fuels  

• The laminar burning velocities decreased with a decrease in gas 

temperature  

• These results can be used for the validation of chemical kinetic models  
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Abstract: 

The primary objective of this study is to measure the laminar burning velocity 

of perfectly premixed hydrogen-air, methane-air, ethane-air, ethylene-air, and 

propane-air flames, at near-cryogenic temperatures and atmospheric pressure. 

Initial fuel-air mixture temperatures as low as 160 K were investigated. The 

experimental methodology was validated by comparing the results obtained 

with those from previous studies available in the literature and with numerical 

simulations using five different chemical mechanisms. First, for all fuels, the 

laminar burning velocity evolution as a function of the equivalence ratio 

followed the same trend at 295 K and 240 K. Regardless of the equivalence 

ratio and mixture composition, the laminar burning velocity decreased by 22 to 

44% for hydrogen, methane, ethane, ethylene, and propane flames when the 

temperature was decreased from 295 K to 240 K. Second, for stoichiometric 

conditions, the laminar burning velocity decreased by about 50% for all fuels, 

when the temperature was decreased by 100 K, from 295 to 195 K. These 

experimental results were in excellent agreement with laminar burning 

velocities calculated by a power law of the ratio of unburned gas temperature to 

ambient temperature, with exponent values from the literature, obtained for 

temperatures above the ambient. All five chemical mechanisms provided a very 

good agreement, within or near experimental uncertainties, for most of the fuels 

and conditions investigated, even at low temperatures. Overall, this study 

provides valuable information on the laminar burning velocities of various 
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hydrocarbon and hydrogen fuels at near-cryogenic temperatures, which can be 

useful for the design of cryogenic storage systems and the validation of 

chemical kinetic models for conditions below ambient temperatures. 

 

Keywords: Combustion; Bunsen burner; Premixed flame; Cryogenic storage of 

hydrogen  
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1. Introduction 

Gaseous fuels can be stored in a liquid form at atmospheric pressure by 

lowering the temperature, e.g., below 111 K for methane and below 20 K for 

hydrogen [1]. The storage of these cryogenic liquid fuels requires dedicated 

systems and fire safety is an important consideration for their design. In case of 

a leakage from the cryogenic tank or any cryogenic storage component, a 

catastrophic fire could happen. Therefore, it is crucial to know the combustion 

properties of these fuels in cold environments. For example, recent studies have 

shown that both the quenching distance [2] and the minimum ignition energy 

[3] of methane-air flames were strongly affected by temperatures below the 

ambient. In the case of fuel mixing with ambient air, the laminar burning 

velocity of the flame propagating in this cold mixture is one of the most 

significant characteristics to consider in assessing fire hazards. The laminar 

burning velocity, defined as the propagation speed of an unstretched one-

dimensional flame relative to the unburned combustible mixture, in the 

perpendicular direction of the flame surface [4], is an intrinsic characteristic of 

premixed flames. It is a function of the combustible mixture composition and 

the thermodynamic conditions. The laminar burning velocity is directly 

associated with the flame stability, blow-off, flashback, and extinction [5]. 

Numerous studies have been conducted to measure the laminar burning 

velocity of various hydrocarbons and hydrogen flames as a function of the 
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equivalence ratio [6], the pressure, or the temperature [7-9]. However, 

measurements of the laminar burning velocity at temperatures below ambient 

are scarce. Zitoun et al. [10] have investigated the laminar burning velocity of 

rich hydrogen-oxygen mixtures at different cryogenic temperatures and 

concluded that the laminar burning velocity decreases when the initial mixture 

temperature is reduced. Panda et al. [11] have studied the characteristics and 

ignition properties of a diffusion flame for cryogenic hydrogen released into the 

atmosphere. However, information about the propagation speed of the flames 

was not included. Dugger [12] studied the laminar flame speed of methane, 

propane, and ethylene at different initial temperatures including 200 K. 

However, no flame stretch correction was done and only a single low 

temperature condition (200 K) was considered. Pio and Salzano [13] studied the 

laminar burning velocity of methane, hydrogen, and their mixtures at 

temperatures ranging from 150 to 300 K by numerical simulation. To the best of 

our knowledge, these are the only studies of laminar burning velocities at low 

temperatures for hydrogen, methane, ethane, ethylene, and propane. With that in 

mind, the purpose of the present study is to experimentally quantify the effect of 

near-cryogenic temperatures, down to 160 K, on the laminar burning velocity of 

hydrogen-air and various hydrocarbon-air flames, at different equivalence 

ratios. 

Several experimental configurations can be used for the measurement of 

laminar burning velocities [9, 14-16]. Attention has been given to the 
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methodology to obtain accurate unstretched laminar burning velocities [17]. 

This led to the use of different types of flames, which generally can be placed 

into two categories: stationary flames and propagating flames. Conical flames 

and counter-flow flames are examples of stationary flames, while spherical 

flames are an example of propagating flames. Each of these types has pros and 

cons in their implementation. However, conical flames are widely used to 

measure laminar burning velocities because they are relatively easy to obtain 

and stationary. In this context, a Bunsen burner with continuous flow was 

chosen for the current study. 

 

2. Experimental methodology 

This section introduces the experimental setup used and the methodology 

followed for the measurement of laminar burning velocities of different fuel-air 

mixtures at low temperatures. The last section introduces the one-dimensional 

calculations performed. 

 

 

2.1.  Experimental setup 

Figure 1.a shows a schematic of the setup used. It comprises a Bunsen 

burner equipped with liquid-nitrogen cooling and an imaging system. The 

burner was designed in such a way that the velocity profile at the nozzle outlet 

had a top-hat profile. For this purpose, a converging nozzle was installed above 
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a small chamber filled with glass beads to ensure the homogeneity of the 

mixture. A nozzle with a 10-mm exit diameter was used for hydrocarbons-air 

flames, and a nozzle with a 3-mm exit diameter was used for hydrogen-air 

flames. Decreasing the radius of curvature had a detrimental impact on the 

flame curvature, but this was necessary to maintain a laminar flame and to avoid 

hydrodynamic instability, which is expected for large premixed conical 

hydrogen flames [18-20]. To minimize the curvature effect, the experimental 

methodology suggested by Choi et al. [21] and Natarajan et al. [22] was 

followed. Relatively large bulk flow velocities at the exit of the nozzle were 

used to obtain long flames and therefore to minimize the effect of curvature, 

mainly observed at the tip of the flame, by increasing the overall flame surface 

area (see Sec. 2.2). The combustible mixture was introduced at the bottom of 

the burner by two injection tubes facing each other. Two mass flow controllers 

(MFCs) were used to ensure a correct equivalence ratio, . The air was 

compressed ambient air, and the purity of the fuels was 99.5% for hydrogen, 

and 99.95% for methane, ethane, ethylene, and propane. 

The burner was cooled by immersion in liquid nitrogen. Before entering 

the burner, the fuel-air mixture flowed in a 90-cm long spiral copper tube also 

immersed in the liquid nitrogen. Only the nozzle outlet was outside of the 

container. The fuel-air mixture temperature was adjusted by changing the 

amount of liquid nitrogen used. A gas temperature as low as 160 K at the exit of 

the nozzle could be achieved by using a sufficient amount of liquid nitrogen, 
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and a steady temperature was maintained at the desired value by pouring it 

periodically. After complete evaporation of the nitrogen, higher temperatures 

were obtained by convection of the burner and the copper tube. A T-type 

thermocouple was used to measure the temperature of the fuel-air mixture just 

at the outlet of the burner. Another thermocouple was utilized to measure the 

burner body temperature near the outlet of the burner. The thermocouple in the 

mixture flow was removed manually just before flame ignition and imaging. 

After completion of the imaging, the thermocouple was reinstated to its 

previous position. Thus, the change in temperature during the measurements 

could be assessed. The change in temperature during measurement was less than 

3 K under any condition. The data were obtained from stable flames. The flame 

stabilization at each experimental condition was obtained by adjusting the bulk 

flow velocity. Figure 1.b shows an example of a stable stoichiometric methane-

air flame for a mixture temperature of 230 K. 

Imaging of the hydrocarbon-air flames was performed with a CCD camera 

(1600 × 1200 pixels, Lavision pro X), equipped with a 105 mm UV lens, and a 

10-nm band pass filter centered at 430 nm (Andover Corporation, AM-76807). 

Each of the experimental conditions was repeated 10 times. The uncertainty was 

calculated using these 10 measurements. An exposure time of 2 s was used to 

obtain sufficient chemiluminescence signal from the flame. The flames were 

stable, which enable the use of long exposure times. The imaging of hydrogen-

air flames was performed using an intensified CCD camera (1024 × 1024 
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pixels, PIMAX, Princeton Instruments), equipped with a 130 mm UV lens, and 

a 40 nm bandpass filter centered at 320 nm (LaVision, 1108760). A 

combination of exposure times ranging from 6 to 8 ms and image accumulations 

ranging from 15 to 25 were used to obtain good quality images of the flames. 

 

Figure 1: a) Schematic of the experimental setup. b) Example of methane-air 

flame at a temperature of 230 K, captured with a DSLR camera. 

 

2.2.  Methodology for laminar burning velocity determination 

Imaging techniques, such as schlieren imaging, chemiluminescence, and 

PLIF are commonly used for laminar burning velocity measurements [23, 24]. 

Schlieren's image gives the contour of the premixed zone of the flame, which is 
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used to calculate the area of the unburned zone of a flame, Au. In comparison, 

chemiluminescence and PLIF give the contour of burned or reaction zone of the 

flame, Ab. In the current study, the chemiluminescence imaging was 

implemented for both hydrocarbon-air and hydrogen-air flames. The reason 

behind this choice is discussed next. 

Considering the mass conservation across the flame front: 

 ̇               ……………. (1) 

where  ̇ is the mass flow rate of the fuel-air mixture at the burner exit, ρ is the 

density, A is the flame surface area, and S is the laminar burning velocity. The 

subscript „u‟ represents the unburned zone or preheat zone of the flame and the 

subscript „b‟ represents the reaction zone of the flame. For ideal, one-

dimensional, unstretched flames: 

                                                        
      

 ………………………. (2) 

The superscript „0‟ represents unstretched one-dimensional flame condition. 

Thus,   
  represents the laminar burning velocity at the reaction zone. As 

defined in the introduction,   
  is the propagation velocity of a one-dimensional 

flame front relative to the unburned flammable mixture, in the perpendicular 

direction of the flame surface. In the case of a conical flame, as it is affected by 

both the strain and the curvature, its determination is not straightforward. 

However, for sufficiently large conical flames, the curvature effect at the 

reaction zone area is minimal. The strain effect is only significant at the tip of 

the flame [21, 25]. Therefore, the overall strain effect can be reduced by 
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increasing the height of the flame so that the area contributed by the tip is 

negligible, as shown by Natarajan et al. [22]. Several studies [26-28] have 

shown that the laminar burning velocity at the reaction zone closely estimate the 

unstretched 1-D unburned laminar burning velocity, by dividing the fuel-air 

mixture volumetric flow rate by the burned surface area of the flame. Thus, 

                                                
  

    
 

  
 
    

  
 

 ̇

    
……………. (3). 

Equation (3) shows that the unstretched laminar burning velocity can be 

obtained from the mass flow rate, the density of the unburned mixture, and the 

flame surface area at the reaction zone, Ab, that is determined from the 

chemiluminescence images. Note that schlieren imaging can only be used to 

obtain Au but not Ab. 

The mass flow rates can be determined from the settings of the MFCs 

while the density can be calculated, knowing the mixture composition, pressure, 

and temperature. To determine the uncertainty in the determination of  ̇, axial 

velocity measurements have been performed. Figure 2 shows an example of the 

axial velocity profile of the airflow at the outlet of the 10-mm diameter nozzle, 

at ambient temperature, 295 K. It was obtained by using a hot wire anemometer 

(Model Dantec Dynamics 55P16). The axial velocity profile is approximately 

flat, with a sharp gradient at the rim of the nozzle. The measurements were 

conducted three times to determine the reproducibility. From this velocity 

profile, the mass flow rate could be determined and the discrepancy between 
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this measured mass flow rate and the setting of the MFCs was approximately 

2.3%. This value was used to determine the uncertainty of the laminar burning 

velocity measurements. 

 

Figure 2: Axial velocity profile measured 2 mm above the burner exit, in air, at 

an ambient temperature of 295 K. The exit diameter of the burner was 10 mm. 

 

The flame surface area was obtained from the chemiluminescence images 

of the flame, as illustrated in Fig. 3. First, a background subtraction was 

performed to obtain a better contrast. Then, the images were Abel inverted to 

obtain the two-dimensional flame profile [24] (Fig. 3.b). From these profiles, a 

contour based on the maximal intensities was extracted, see the red line in Fig. 

3.c. These contours were then smoothed (see Fig. 3.d), before being integrated 

to obtain the flame surface area, Ab. With the optical system used, the spatial 

resolution was around 15 µm/pixel. The same processing method was used for 

all experimental conditions. 
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Figure 3: Steps of image processing for the determination of the flame surface 

area. 

 

The uncertainty in these measurements of laminar burning velocity mainly 

originated from three sources: (i) from the determination of the flame surface 

area from the chemiluminescence images, mainly due to small instabilities of 

the flame 1.5%, (ii) from the determination of the mass flow rate, approximately 

2.3%, and (iii) from a small fluctuation of up to 2.9% of the mass flow rates 

during the measurements. Taking all these sources into account, the overall 

uncertainty in the measurements of laminar burning velocities was estimated at 

±10%. 

 

2.3.  Numerical simulations 

                  



14 

 

Detailed chemical kinetic simulations were conducted with Cantera 2.6.0 

[29] to obtain the laminar burning velocity for all the investigated mixtures 

and conditions. The one-dimensional (1D) flame reactor model “FreeFlame” 

was employed for all the simulations by considering multicomponent 

transport model, Soret effect, and tight convergence parameters (i.e., ratio ≤ 

3, curve ≤ 0.1, and slope ≤ 0.1). This reactor solves the flame dynamics with 

a set of governing differential equations using implicit finite difference 

methods, in conjunction with a combination of time-dependent and steady-

state methods [29-31]. 

Five different mechanisms were used for these simulations, namely the 

UCSD [32], the FFCM-1 [33], the GRI-MECH 3.0 [34], the AramcoMech2.0 

[35], and the USC Mech II [36] mechanisms. Their number of species, 

number of reactions, and validation ranges are summarized in Table 1. 

Table 1: Details of the five chemical mechanisms used. The mechanism 

size includes excited species and duplicate reactions. 

Mechanism Number of 

species 

Number of 

reactions 

Validation ranges 

UCSD [32] 

(2016-12-14 version) 

58 270 C0-C4 chemistry 

T = 1045 - 2050 

K 

P = 3 - 260 bar 

Φ = 0.4 - 6  

FFCM-1 [33] 38 291 C0-C2 chemistry 

T = 300 - 1500 

K 

P = 1 - 100 bar 

Φ = 0.5 - 5 

GRI-MECH 3.0 [34] 53 325 C0-C3 chemistry 
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T = 300 - 3000 

K 

P = 0.01 - 85 

bar 

Φ = 0.5 - 4 

AramcoMech2.0 [35] 493 2716 C0-C4 chemistry 

T = 300 - 2500 

K 

P = 0.026 - 260 

bar 

Φ = 0.06 - 5 

USC Mech II [36] 111 784 C0-C4 chemistry 

T = 300 - 2600 

K 

P = 0.03 - 87 

bar 

Φ = 0.5 - 4 

 

 

Note that the Kibo mechanism from Pio and Salzano [13], as well as its 

most recent version from Pio et al. [37], were tested to simulate the present 

experimental results. Both models presented significant challenges at 

reaching converged solutions for the entire range of conditions. For this 

reason, results with both models are not presented. Similar observations were 

made with ANSYS Chemkin Pro simulations [38]. 

 

3. Results and discussion 

In this section, first, the experimental methodology followed is validated. 

Then, the effect of low temperatures on the laminar burning velocity of 
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stoichiometric flames is discussed. Finally, the laminar burning velocity of 

flames at various equivalence ratios at cold temperatures is presented.  

 

3.1  Validation of the experimental methodology 

The experimental methodology to determine the laminar burning velocity 

was first validated with well-documented results from the literature for 

hydrogen-air, methane-air, ethane-air, ethylene-air, and propane-air flames at an 

ambient temperature of 295 K and atmospheric pressure. For this validation, the 

laminar burning velocity was measured for different equivalence ratios of 

hydrocarbon-air ranging from 0.8 to 1.4. Similarly, the laminar burning velocity 

of hydrogen-air was measured for equivalence ratios ranging from 0.6 to 2.0. 

Figure 4 presents the measured laminar burning velocities (black circles) along 

with results from the literature (colored symbols). For all conditions, the present 

results are within a 10% difference from previous studies. 

For hydrogen (Fig. 4.a), Dowdy et al. [40] studied the stretch effect on the 

laminar burning velocity using expanding spherical flames analyzed by 

schlieren imaging. Kuznetsov et al. [5] studied the laminar flame speed at sub-

atmospheric conditions using schlieren and Tse et al. [41] studied expanding 

premixed flames at high pressures. Huang et al. [42] and Kwon et al. [43] 

studied hydrogen-air laminar burning velocities using a constant volume 

combustion chamber. As shown in Fig. 4.a, except for equivalence ratios larger 
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than 1.5, the present results are in excellent agreement with those from the 

literature. At high equivalence ratios, the laminar burning velocities measured in 

the present study are 10% higher. This discrepancy lies within the measurement 

uncertainty range. 

For methane (Fig. 4.b), Mazas et al. [44] studied premixed conical flames 

using schlieren and chemiluminescence imaging. Goswami et al. [45] studied 

premixed methane-air flames at high pressure using the heat flux method for 

laminar burning velocity measurements. Hermanns et al. [46] performed 

laminar burning velocity measurements using different experimental 

configurations. As shown in Fig. 4.b, the experimental results of the present 

study are well matched with the results from the mentioned references. For 

example, the laminar burning velocity of methane-air at an equivalence ratio of 

0.9 is 31.3±0.7 cm/s, whereas the values range from 30 to 32 cm/s in the 

literature.  

Similarly, the experimental results of this study were in good agreement 

with those from the literature for ethane-air [47-50] (Fig. 4.c), ethylene-air [50-

53] (Fig.4.d), and propane-air [47, 48, 54, 55] (Fig. 4.e) flames. 
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Figure 4: Laminar burning velocity of a) hydrogen-air, b) methane-air, c) 

ethane-air, d) ethylene-air, and e) propane-air flames at different equivalence 

ratios and 295 K. Symbols and lines represent experimental and simulation 

results, respectively. 
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Figure 4 also shows that the numerical simulations (lines) are in good 

agreement with the experimental results (symbols). For each mixture, all the 

models have an average error below the experimental uncertainty for each 

mixture. Note that this average error was determined from the error score, as 

defined and presented earlier in [30, 39]. Specifically, the laminar burning 

velocities obtained by FFCM and AramcoMech 2.0 for hydrogen, methane, 

and ethane are within the experimental uncertainty for Φ = 0.7 - 1.3. Similar 

accuracy was obtained with GRI-MECH 3.0 for hydrogen and methane 

conditions. Also, UCSD presents the highest discrepancies, mainly for 

ethylene conditions and Φ ≤ 1, while most of the models have highest errors 

for Φ < 0.7 and Φ > 1.7, mainly for hydrogen-air conditions. Note that the 

GRI-MECH 3.0 was only employed for hydrogen- and methane-air 

conditions due to its known lower performance with hydrocarbons greater 

than C1, as reported in [56, 57]. Also, FFCM model does not have a C3 

submodel and could not be employed for propane-air simulations. 

 

3.2 Effect of low temperatures on the laminar burning velocity 

This section presents the effect of near-cryogenic temperatures on the 

laminar burning velocity of hydrogen-air, methane-air, ethane-air, ethylene-air, 

and propane-air flames at stoichiometric conditions. Data were collected in the 

temperature range 160 to 295 K. Figures 5.a to 5.f show examples of 
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chemiluminescence images of methane-air flames at different temperatures, 

captured with a CCD camera. Note that the flow rate at each condition was 

adjusted to obtain a long and stable flame. Figures 5.g to 5.l show examples of 

chemiluminescence images of hydrogen-air flames at different temperatures, 

captured with an intensified CCD camera. Here again, the flow rates were 

varied to obtain a long and stable flame for each temperature. With the 

experimental setup used, it was not possible to stabilize hydrocarbon flames 

below 190 K while, hydrogen flames could be stabilized down to 160 K. For 

hydrogen flames, a small flame tip opening could happen at low temperatures. 

However, this had a negligible effect on the accuracy of the laminar flame 

speed. As mentioned before, each flame was obtained with the highest possible 

flame height to reduce the ratio of flame tip surface area to flame overall surface 

area, which enabled to minimize the contribution of the flame tip to the 

determination of the laminar burning velocity.  
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Figure 5: a) - f) Chemiluminescence images of stoichiometric methane-air 

flames at different temperatures (CCD camera). g) - l) Chemiluminescence 

images of stoichiometric hydrogen-air flames at different temperatures 

(intensified CCD camera). 

 

Figure 6 shows the effect of near-cryogenic temperatures on the laminar 

burning velocity of hydrogen, methane, ethane, ethylene, and propane flames at 

stoichiometric conditions. Each graph presents experimental results (symbols), 

along with numerical simulations and results from a low order model introduced 

at the end of this section. The dotted lines represent extrapolated values of the 
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simulation results. When the temperature was decreased, for all fuels, the 

laminar burning velocities were lowered. This is in agreement with previous 

results from the literature (hydrogen-oxygen mixtures) at low temperature 

conditions [10, 58] and with the numerical results performed. For example, for 

methane, the laminar burning velocity decreased by approximately 55% when 

the temperature decreased from 295 K to 195 K, while for hydrogen, for the 

same temperature drop, the laminar burning velocity decreased by 

approximately 52%. All fuels had similar trends of about 50% of laminar 

burning velocity decrease when the temperature of the unburned mixture was 

decreased by 100 K. Experimental data to compare the laminar burning 

velocities of hydrogen and methane flames at cold temperatures were not 

available in the literature. However, a study by Zitoun et al. [10], showed a 

linear burning velocity decreasing rate of 3.5 cm/s/K for hydrogen-oxygen. In 

their numerical study, Pio and Salzano [13] showed that the laminar burning 

velocity similarly decreased with a decreasing temperature also for lean and rich 

hydrogen-air and methane-air flames. Therefore, it can be expected that the 

decrease observed experimentally for stoichiometric conditions will also be 

obtained for lean and rich mixture. However, further experimental results are 

required to confirm this point. 
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Figure 6: Experimental and calculated laminar burning velocities of 

stoichiometric a) hydrogen, b) methane, c) ethane, d) ethylene, and e) propane 

flames as a function of the temperature. Symbols and lines represent 

experimental and simulation results, respectively. Empirical correlations are 

taken from [9, 26, 59, 61]. 
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The numerical results are in good agreement with the experimental ones, 

near or within the experimental uncertainties for most of the models and 

conditions. Also, these numerical results tend to indicate a linear decrease of the 

laminar burning velocities with the initial temperature reduction. This apparent 

linearity is due to the restricted temperature range in this study (i.e., 160 – 295 

K), as both linear and power law regressions lead to high coefficient of 

determination (R²) above 0.99 for all the models or conditions investigated. 

Based on common empirical models (see next paragraph), the power law 

regression is considered for the remaining discussion of the temperature effect 

on the numerical laminar burning velocities. It must be noted that all the 

chemical model results revealed very similar temperature exponents, within a 

3% variability, for each independent mixture. For example, the temperature 

exponent determined for hydrogen-air varied from 1.41 to 1.45 between the five 

reaction models investigated. Specifically, the temperature exponent seems 

fairly insensitive to the mixture investigated from the present numerical results 

in this narrow temperature range. Note that the calculations were not performed 

down to 160 K because of converge issues, systematically observed for initial 

temperatures below 200 K. Numerical results are therefore extrapolated, based 

on the power law, and noted as dashed lines in Fig. 6. 

Results from experiments and simulations were also compared to 

calculations, performed with a commonly used empirical model [9, 26, 59, 61]. 
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The laminar burning velocities were calculated using a temperature-exponent 

correlation, empirically determined for each fuel [60]. The correlation is given 

by  

                                              
        

 (
  

      
)
 

 …………………. (4) 

where       
  represents the laminar burning velocity at a reference 

temperature,        , which is taken equal to 295 K. The temperature exponent, 

α, is different for each fuel. The temperature exponents used in this study for 

hydrogen, methane, ethane, ethylene, and propane are 1.571, 1.612, 1.539, 

1.528, and 1.669, respectively. Note that these values of α were not evaluated 

using the data from the current study. They were taken from well-known studies 

in the literature for temperatures higher than 295 K [8, 9, 59, 61]. The present 

study extends their domain of validity to temperatures below the ambient. In 

fact, these extended validity ranges seem consistent with our experimental or 

numerical temperature exponents, for which the largest discrepancy with the 

literature exponents is 17%. As shown in Fig. 6, the calculated values of   
  

obtained with this very simple model are in excellent agreement with the 

experimental results. The agreement is even better than for the numerical 

simulations with detailed chemistry. Further investigation with even cooler 

conditions will be necessary to identify for which conditions, a departure from 

this model can be observed. 
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3.3   Effect of the equivalence ratio at low temperature 

In this section, the effect of the equivalence ratio on the laminar burning 

velocity of each fuel is presented at lower initial temperature, i.e., 240 K. In Fig. 

7, both the experimental and the simulated laminar burning velocities obtained 

at 240 K are presented, as well as the ones obtained at 295 K for comparison. 

Experimentally, the laminar burning velocities evolution as a function of 

the equivalence ratio follow similar trends when the temperature decreases from 

295 K to 240 K, for all fuels studied. At any given equivalence ratio, the 

laminar burning velocity decreases with the reduction of the mixture 

temperature. For example, at the stoichiometric conditions, the laminar burning 

velocity decreased by 31 % and 36 % for hydrogen and methane, respectively, 

when the temperature decreased from 295 K to 240 K. Similar reductions, 

ranging from 32 to 36%, were observed by decreasing the initial temperature 

from 295 to 240 K, for ethane, ethylene, and propane at stoichiometric 

conditions. This decay is not very sensitive to the equivalence ratios, with 

maximal and minimal decays of 44% and 22%, for all conditions. Note that 

these variations are most likely within the experimental uncertainties.  
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Figure 7: Laminar burning velocity of a) hydrogen, b) methane, c) ethane, d) 

ethylene, and e) propane flames, measured at 295 K and 240 K, as a function of 

the equivalence ratio. Burner exit diameters were 10 mm for hydrocarbon fuels 
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and 3 mm for hydrogen. Two identical colored lines per figures represent the 

high- and low-temperature simulation results. 

 

Numerically, satisfactory agreements are observed for all the models and 

conditions at 240 K, with simulated laminar burning velocities near or within 

experimental uncertainties. Similar to the experimental observations, the 

laminar burning velocities are reduced between 25 to 35%, at most, when the 

initial temperature is lowered by 55 K, regardless of the equivalence ratio or 

mixture considered. Note that this laminar burning velocity reduction is 

consistent (± 2%) among the five models within each fuel-air condition.  

Rate of production (ROP) analyses are conducted in order to identify the 

effect of the initial temperature on the reaction pathways, based on post-

processing routines developed in [30, 62]. Figure 8 presents the ROP for a) 

H2, and b) OH, as a function of the distance, for both AramcoMech2.0 and 

FFCM models. These analyses are conducted for a stoichiometric hydrogen-

air mixture, initially at 295 K and 240 K initial temperatures. From Fig. 8, it 

can be noted that (i) similar most important reactions are identified in FFCM 

and AramcoMech2.0; (ii) identical reactions are identified at 295 and 240 K 

in both models; (iii) only the relative contribution of each reaction is lowered 

by reducing the initial mixture temperature. All these findings were observed 

consistently throughout the five models and for different fuels. These 

findings are consistent with our previous observations and justify that 
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previous empirical relation, determined at higher temperature, are still valid 

for near-cryogenic conditions, as similar reaction pathways are observed. 

 

 

Figure 8: Rate of production (ROP) analyses for a) H2, and b) OH, as a function 

of the distance, for both AramcoMech2.0 (Mech.1) and FFCM (Mech.2) 

models. Analyses are conducted for a stoichiometric hydrogen-air mixture, 

initially at 295 K (solid lines) and 240 K (dashed lines). The following reactions 

are displayed: R1: H2+OH=H+H2O, R2: H2+O=H+OH,  R3: H+O2=O+OH, and 

R4: H+HO2=2OH. 
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4. Conclusions 

This paper focuses on the measurement of the laminar burning velocity of 

hydrogen, methane, ethane, ethylene, and propane flames at cold temperatures, 

down to 160 K. For this purpose, a liquid nitrogen-cooled burner equipped with 

two different nozzles with an orifice diameter of 3 mm and 10 mm were used to 

study stabilized conical flames. Chemiluminescence images of the flames were 

used to determine the flame surface area at the reaction zone. The experimental 

methodology was validated by comparison of the results obtained for all fuels 

with previous results at 295 K available in the literature. The important findings 

of this study are: 

 The laminar burning velocity of hydrogen-air mixtures was measured at 

stoichiometric conditions for temperatures in the range of 160 to 295 K. 

The laminar burning velocity decreased by 50% when the unburned 

mixture temperature was decreased by 100 K. This decreased followed a 

power law of the ratio of unburned mixture temperature to the ambient 

temperature, with an exponent of 1.571. This exponent from the literature 

was determined for temperatures above the ambient. The present study 

extends its domain of validity down to 160 K. 

 The trends for all stoichiometric hydrocarbon flames were similar, with a 

decrease of the laminar burning velocity of about 50%, when the 

temperature of the unburned mixture was decreased by 100 K. These 

decreased followed a power law with exponents in the range 1.5 to 1.7. 

                  



31 

 

These exponents, taken from the literature, were determined for 

temperatures above the ambient. The present study extends their range of 

validity down to 180 K.  

 For any equivalence ratio, the experimental and numerical laminar 

burning velocity of all fuels followed similar trends when the temperature 

was decreased from 295 K to 240 K. Regardless of the equivalence ratio, 

the laminar burning velocities decreased by about 30% for all fuels and 

conditions. 

 The five chemical kinetic mechanisms (UCSD, FCCM-1, AramcoMech 

2.0, and GRI-MECH 3.0, and USC II) used for the simulations of the 

laminar burning velocities were in very good agreement with 

experimental results, even within the experimental uncertainties for a 

large range of conditions. In particular, the laminar burning velocities 

obtained by FFCM and AramcoMech 2.0 for hydrogen, methane, and 

ethane are within the experimental uncertainty for Φ = 0.7 - 1.3. 

Overall, this study shows that the current knowledge of the effect of 

temperature on the laminar burning velocity of hydrogen and low hydrocarbon 

flames can be extrapolated to cold temperatures, down to 160 K and 190 K, 

respectively. For example, this result can be used when designing safety 

elements of cryogenic storage systems. 
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