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Abstract  

The paper seeks to increase understanding of subsonic jet flame blow-off phenomena, through experimental 

studies that include the controlled introduction of air into the fuel jet. As the molar concentration of air in the 

jet flame gas, Aj, is increased the reaction zone becomes leaner, and the flame lift-off distance increases. 

Eventually, flame oscillations develop and are followed by flame blow-off. A jet mixing analysis enables the 

extent of the leaning-off of the mixture to be estimated. From this, the reduced mean flamelet burning velocity, 

ua, is found at the location of the pure fuel jet flame. The conditions for blow-off are correlated with the last 

measured stable values of the dimensionless flow number, Ub*, for methane and propane jet flames, with and 

without added air. Values of Ub* decline as the proportion of added air increases, more markedly so with 

methane. This is attributed to the leaning-off of the flame, and the associated decrease in the flame extinction 

stretch rate. As Ub* declines in value, with increasing air dilution, the emissions of unburned hydrocarbons 

just prior to blow-off increase. An underlying generality of the findings is revealed when ua is introduced into 

the expression for Ub*, and Aj is normalised by the moles of air required to burn a mole of fuel. 

Nomenclature 

Aj  mole fraction of air in jet flow  

D internal pipe diameter (m) 

f ratio of fuel to air moles in stoichiometric fuel-air mixture 

Fj mole fraction of fuel in jet flow 

 (F/A)j  ratio Fj/Aj  

(F/A)s  ratio Fj/Aj for required near-stoichiometric conditions 

L  lift-off distance (m) 

Pa  pressure of the ambient atmosphere (MPa) 

Pi  initial stagnation pressure (MPa) 

r  flame radius (mm) 

SL  maximum laminar burning velocity of the mixture under ambient conditions (m/s) 

t time (s) 

u  pipe flow mean exit velocity, or sonic velocity for choked flow (m/s) 

ua  flamelet burning velocity for aerated jet flame at location of 
m
  contour of non-aerated jet flame (m/s)  
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U* dimensionless flow number, U* = (u/SL)(D/į)-0.4(Pi/Pa).  

Ub* dimensionless U* flow number just prior to blow-off conditions 

Uba*  dimensionless Ub* flow number based on ua  

Ubo*  dimensionless Ub* flow number at Aj = 0, Ubo* = Ub* at Aj = 0. 

Greek symbols 

  laminar flame thickness under ambient conditions (m), given by LS  

a  aerated jet equivalence ratio 

j  equivalence ratio of aerated jet in supply pipe 

m
  equivalence ratio for non-aerated fuel jet flame remote from blow-off    

   gaseous mixture kinematic viscosity at ambient conditions corresponding to those for SL (m2/s) 

Subscripts 

j jet gas mixture 

s  stoichiometric, or required near-stoichiometric conditions 

 

Keywords: Jet flame; Blow-off; Lift-off; Burning velocity; Air-diluted jet flames; Jet mixing.  

 

1. Introduction 

It is important to be able to predict flame lift-off distances, plume heights, and blow-off  conditions, of steady 

jet flames on a burner, in both controlled flaring and the jet flames that follow unintended explosive blow-

outs. Such flames become unstable at both low and high jet velocities, the latter ultimately leading to flame 

blow-off . In controlled flaring, cross winds, fuel dilution, and fluctuations in flow rate can all result in 

incomplete combustion, flame extinction, and blow-off . Yet high combustion efficiencies are essential in, for 

example, the flaring associated with hydraulic fracturing to liberate methane, in order to prevent the 

uncontrolled release of this potent greenhouse gas. Johnson and Kostiuk [1] have shown that the addition of 

diluents, such as N2 and CO2, in sufficient proportions seriously reduces the combustion efficiency. Ingress of 

air into naturally occurring methane is less well understood, in this regard, as is also the extent to which flare 

performance might be impaired by flame blow-off at a lower jet velocity. The present paper reports an 

experimental study of the effect on the blow-off velocity of a subsonic jet of adding air to, respectively, 
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methane and propane fuel jets. In so far as the addition of air aids fuel/air mixing, higher jet velocities might 

be expected before blow-off occurs. On the other hand, excess air might induce earlier lean flame extinction 

and blow-off. 

There have been significant successes in the mathematical modelling of lift-off distances, L, and plume heights 

for pure fuel jet flames, and in the associated formulation of appropriate dimensionless groups for the 

correlation of experimental data [2-6]. The region between the exit plane of a fuel jet discharging into the 

atmosphere and the flame leading edge is one of intense mixing that generates high strain rates. This is 

illustrated in Fig. 1, derived from the computations reported in [3]. The dashed curves show radial and axial 

changes in the streamlines, and the full line contours show the mean volumetric heat release rate. The strain 

rates are initially sufficiently high to not only effectively mix the fuel and surrounding air, but also to exceed 

the flame extinction stretch rates, and quench any potential flamelets. Further downstream the strain rates relax 

to the extent that combustion becomes possible in the most reactive flamelets, which also have the highest 

flame extinction stretch rates, and a laminar burning velocity close to SL. 

With further increases in jet velocity, more air is entrained, localised equivalence ratios fall as the mixture 

leans off, and flame extinction stretch rates decrease, to the extent that eventually all flamelets are extinguished 

and the flame blows off. Computations of the distributions of equivalence ratios show that at flow velocities, 

before approaching blow-off, the peak value in probability density function is close to that for the maximum 

burning velocity of the mixture. This supports the widespread use of the maximum value of the laminar burning 

velocity of the mixture, SL, in dimensionles groups for correlating lift-off distance and blow-off [6,7]. 

The stretched laminar flamelet modelling in [2-4], in conjunction with experimental jet flame data, have led to 

more practical, generalised, correlations of experimental jet flame data, involving a dimensionless flow 

number, U* , that is closely related to the Karlovitz stretch factor, employed in premixed turbulent combustion 

[6], where 

U* = (u/SL)(D/į)-0.4(Pi/Pa).              (1) 

A normalised flame lift-off distance, (L/D)f, was expressed as a function of U*  by: 

  2.0 - *1.0  UfDL  , for subsonic jets.         (2) 

Here u is the pipe flow mean velocity (or sonic velocity for choked flow),  , the laminar flame thickness, at 

the ambient conditions, given by /SL, with   the gaseous mixture kinematic viscosity. Pa is the pressure of 
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the ambient atmosphere, Pi the initial stagnation pressure, D, the internal pipe diameter, and f the ratio of fuel 

to air moles in the stoichiometric fuel-air mixture, which is close to that for the maximum laminar burning 

velocity of the mixture, SL. Extensive correlations of flame plume height and (L/D)f in terms of U* , appear in 

[6]. 

However, the prediction of blow-off , as the ultimate limiting condition of lift-off, when localised extinctions 

cause the flame to simultaneously leave the burner and extinguish, presents more severe modelling problems 

[5]. They include the development of oscillatory, non-linear phenomena. Because of these complexities it is 

difficult to formulate correlations of blow-off  in a generalised way. No attempt was made to correlate blow-

off parameters in [6], while in [8] separate stable values of U*  prior to blow-off, Ub*, are presented for six 

different jet fuels. Indeed, even lift-off distances could not be fully correlated in a general sense. Figure 2 

shows the best overall correlation from 16 sources taken from [6], with inner diameters ranging between 0.84 

and 51 mm, alongside the best separate correlations for C3H8 and CH4 jets. Published data on blow-off are 

more sparse. For the relationship between lift-off distance and U*, shown in Fig. 2, the pure fuel jet flames 

were stable from U* = 5 to higher values just prior to blow-off. Mathematical modelling in [3] shows that as 

U*  increases, more air is entrained and mixed with the fuel. Combustion then occurs in leaner flamelets. 

Further leaning-off with increasing U* leads to flame stretch extinctions, and eventual blow-off. 

With regard to the influence of added air to the fuel jet, values of Ub* for each fuel and its added air can only 

be found for each mixture separately. Furthermore, there is no stabilised blow-off  height, due to the very rapid 

rate of change in lift-off distance, and development of oscillations, as blow-off  occurs. The procedure therefore 

adopted was to measure the key parameters, for aerated methane and propane jets, at the onset of the rapid 

increase in lift-off distance just prior to flame blow-off  and derive a stable Ub* from these readings. 

Lift-off distances and Ub* were measured as a function of the mole fraction of added air in the jet gas mixture, 

Aj. Eventually, sufficient added air induced earlier blow-off . Values of Ub*, just prior to blow-off , fell sharply 

with increasing Aj. For propane these values ranged from about 60 with no dilution to about 10 with a mole 

fraction of air in the jet of 0.6. The findings are interpreted in terms of the understandings obtained from both 

the stable flame computational studies and also from a simple mixing theory, presented in Section 3, involving 

values of aerated fuel laminar burning velocities. 

2. Measurements of Lift-Off and Blow-Off in Jet Flames 
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Cylindrical stainless steel pipes, with inner diameters between 3 and 8 mm were employed for the jet flames, 

with supply lines from either a methane or propane cylinder, and added air. These diameters were within the 

range that was well correlated by the dimensionless groups in [6], such as the correlation in Fig. 2. Calibrated 

rotameters measured the separate flow rates before mixing, followed by flow into the jet pipe, and release into 

an atmosphere of still air at 0.1 MPa in the Hefei laboratory. This provided a configuration for measuring lift-

off distance and observing instabilities of both pure fuel and air-diluted jet flames. Mass flow rates were 

calculated from flowmeter measurements. Visualisations of the jet flame details were by means of a digital 

Charge-Coupled Device, CCD, camera of sensor size 8.5 mm, with 3.106 pixels, operating at 25 frames per 

second. 

Flame images were converted first to a grey scale, then a binary image. Batches of 1,000 consecutive images 

were converted to binary images for statistical analysis. Flame intermittency distributions were obtained by 

averaging the values of these consecutive binary images in each pixel position [9]. 

Results are expressed in terms of Aj, the mole fraction of air in the jet flow. If Aj and Fj and Aj are the fractional 

moles of air and fuel in one mole of jet gas mixture, their ratio, (F/A)j, in the supply pipe is related to the 

equivalence ratio there, j , by (F/A)j = j (F/A)s, where (F/A)s is the stoichiometric ratio with Fj + Aj = 1.0, 

then: 

Fj = [1 + (A/F)j]-1 = [1 + j
-1(F/A)s

-1]-1, and Aj  = [1 + (F/A)j]-1 = [1 + j (F/A)s]-1.                (3) 

Table 1 summarises the overall experimental conditions. Three sets of reading were taken for each condition to 

yield average values. Table 2 gives the values of the principal parameters associated with the evaluation of Ub*. 

Methane/air oscillatory jet flame images, at intervals of 3 s, are shown in Fig. 3, and amplitudes of the unsteady 

oscillations as they developed just prior to blow-off, in Fig. 4. It can be seen how amplitudes increase and 

culminate in blow-off. 

Typical measured values of (L/D)f, leading to blow-off, are plotted against the mole fraction of air in the jet, 

Aj, in Figs. 5 and 6. Figure 5 shows some typical relationships for U* = 10.7 and 13.2 for methane/air jets, and 

Fig. 6 for U*  = 16.2, at higher Aj, for propane/air jets. Initially, for both fuels, the substitution of relatively 

small amounts of fuel by air had little effect on lift-off distances. Further substitution was followed by a steady 

increase in (L/D)f, and eventual oscillations, followed by rapid blow-off. Values of Ub* decreased as those of 

Aj were increased. 
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Table 2 gives the conditions for blow-off at different Aj for the dilution of both fuels, with the measured values 

of Ub*. Data on the blow-off of pure fuel jet flames are sparse, but some are available from recent experiments 

in Hefei [8], and others from [7,9,10]. The present measurements with pure methane fuel jets give Ub* = 23, 

and 29. These compare with a value of 32 from [7]. For pure propane jets, the present work gives Ub* = 60, 

with values of 50 from [7] and 57 from [10]. 

3. Discussion 

A simple mixing analysis demonstrates the salient aspects of the addition of air and aids understanding of the 

underlying influences. For non-aerated fuel jet flames there is a distribution of equivalence ratios in the flame 

reaction zone [3]. Remote from blow-off, computations show flame equivalence ratios close to those associated 

with the maximum laminar burning velocity and its maximum flame extinction stretch rate [11] This is the 

basis for the use of SL, in flame height and lift-off distance correlations [6,12,13]. Both factors control the 

location of the flame. If the associated equivalence ratio is designated by 
m
 , then to attain it, one mole of the 

pure jet fuel must entrain and mix with    1
sm AF  moles of atmospheric air. 

For the same flow conditions, but now for one mole of an air-diluted mixture, (Fj + Aj), but with fuel usually 

in excess, it was assumed that this would also entrain the same amount of atmospheric air, as the initial mixture 

moved towards the spatial location defined by the original m  contour. Because the air entrainment and mixing 

processes would be very similar in the two cases, the amount of entrained atmospheric air would remain close 

to [ m (F/A)s]-1. Hence for Fj moles of fuel with Aj moles of air in the jet, with Fj + Aj = 1, the moles of air, at 

the same location for the pure fuel jet m  flame contour, would be Aj + [ m (F/A)s]-1. The aerated jet 

equivalence ratio, a , at that former m contour, would now have the value:  

a  = Fj(Aj + [ m (F/A)s]-1)-1   1
sAF ,                    (4) 

with Fj and Aj given by Eq. (3). Clearly a  < m . With the known values of (F/A)s, and m , it is then possible 

to calculate values of a  at that location, as Aj is increased. Values of (F/A)s for stoichiometric mixtures of  

methane and propane are 0.105 and 0.042, respectively. In the present study, values of m  were close to 1.0 

for methane and 1.15 for propane.  
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Although this analysis tends to over-estimate the actual value of a , it is instructive to estimate from it the 

associated value of laminar burning velocity, ua. Accordingly for the methane values of a , values of 

unstretched laminar burning velocities, ua, were obtained from the experimental values, given as a function of 

equivalence ratio, in [14]. Similarly, for the propane values of a  those of ua were found from the experimental 

values in [15]. 

This approach is applied first to the methane experimental data in Fig. 5 for U*  = 13.2. The derived values of 

a  are shown by the dashed line in Fig. 7. From these, are derived the values of the burning velocity, ua, given 

by the full line curve, and in Fig. 5 by the dashed curve. Initially, there is little change in ua with Aj, because 

in the regime where the burning velocity is close to its maximum value, there is little change in its value with 

change in equivalence ratio. However, when Aj attains a value of about 0.12, ua begins to decrease more sharply 

with the changes in a .  

It can be seen from Fig. 5 that, as Aj increases above 0.06, the lift-off distance increases significantly, with the 

flame moving downstream. At the relatively high strain rates at the location of the original m  contour a 

flamelet only survives because its extinction stretch rate is even higher, whereas the leaner, more aerated, flame 

jet with a lower extinction strain rate, only survives by moving downstream, to a contour of lower mean strain 

rate and equivalence ratio. The increasing air dilution leads to increasing flame extinctions and instabilities. 

After the last measured lift-off distance there is a rapid increase in (L/D)f, followed by blow-off. The unstable 

transition to blow-off, occurs with Aj close to 0.21, a  close to 0.77, and ua = 0.22 m/s. This point is indicated 

in Fig. 7 by the large diamond symbol. Bearing in mind that, in practice, the flame will be closer to extinction 

than is suggested by the diamond location, the methodology outlined gives a good indication of when blow-

off might occur, although it cannot predict the value of (L/D)f. 

The propane/air diluted jet flames of Fig. 6, are for higher values of Aj, with U* = 16.2. With its higher value 

of (F/A)s, a propane jet must entrain significantly more air than a methane jet. Values of a  yielded values of 

ua taken from [15]. These values decrease more sharply than those of the methane flames in Fig. 5, and this is 

reflected in a sharper increase in (L/D)f, up to blow-off . 

In [6] values of some normalised flame surface densities in pure fuel jet flames were derived. These gave near 

constant values at the higher values of U* . This is clearly not the case, as blow-off is approached, as in Figs. 3 
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and 4. The flame surface density could not be measured accurately, but it  clearly decreases and, ultimately, 

vanishes. 

Figure 8 summarises the measured effects of the changes in Aj on Ub* for both fuels (including limit values for 

pure fuel jets), and shows the methane/air jets are more readily extinguishable. Differences in Aj for the two 

fuels are largely attributable to propane requiring more air to react with one mole of fuel. The presence of SL 

in the expression for U* in Eq. (1) rests upon near-stoichiometric flamelet combustion under many pure fuel 

jet flames practical conditions. These conditions are different in the aerated flames, where ua is a more realistic 

burning velocity. 

The increasingly sharp decline in ua with increasing Aj suggests the values of ua, appropriate to Aj might be 

inserted in place of SL and also where it appears in the expression for  , within the expression for U*  in Eq. 

(1). Relationships, such as those between ua and Aj in Figs. 5 and 6, provide the appropriate values of ua in 

now, differently defined, values of Ub*, based on ua and indicated by Uba*. These are shown by the broken 

straight lines for both methane and propane in Fig. 8. As Ub* declines, the increasingly lean combustion at low 

extinction stretch rates will increase emissions of unburned hydrocarbons prior to blow-off. 

Concerning the generality of the analytical approach adopted, it might also be argued, with regard to the 

correlation with Aj in Fig. 8, that the amount of added air should more rationally be related to that required  to 

burn one mole of fuel, and, consequently, Aj should be multiplied by the (F/A)s value, appropriate to each fuel. 

This approach is adopted in Fig. 9, which shows plots of Ub*/U bo* against Aj(F/A)s, where Ubo* = Ub* at Aj = 

0 for each fuel, as well as of Uba*/U bo*. It can be seen that Aj(F/A)s provides a more compact and rational 

correlation, and brings the methane and propane results into a similar regime. There is a greater spread between 

Uba*/U bo* and Ub*/U bo* values for propane, because of the greater spread of SL and ua values than for methane. 

4. Conclusions 

1. Whereas, with normal subsonic fuel jet combustion, very high jet velocities are required to demonstrate 

flame extinction effects that lead to blow-off, these effects become more clearly demonstrated with added air 

at lower flow rates. 

2. Unlike flame lift-off distances, it is difficult to generalise the conditions for jet flame blow-off, which are 

unique to each fuel. 

3. Partly because flame instabilities develop prior to blow-off, different methods of estimating it have been 

employed. The present work employs the highest stable value of U*  prior to blow-off . This gives values for 
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pure fuel jets of 25 for methane and 60 for propane. These compare with measured values of 32 and 50, 

respectively, in [7], for similar conditions. 

4. The earlier onset of blow-off  by added air has been measured and is explained, by a simplified mixing 

theory, in terms of the leaning-off of the reaction zone and reductions in burning velocity and the flame 

extinction stretch rates of the flamelets.  

5. Experiments with added air have improved understanding of fuel jet combustion. Initially, this air might 

enhance the attainment of a mixture with a near maximum burning velocity mixture, but with increasing jet 

velocity and air entrainment, the leaner flame moves downstream with an increasing flame lift -off distance, 

followed by blow-off. 

6. Propane flames are more tolerant of added air, due to the larger amount of air required per mole of propane 

than of methane. 

7. The decline in Ub* with increasing Aj  is due to the reduction in flamelet burning velocities and their flame 

extinction stretch rates. 

8. As Ub* declines in value with increasing air dilution, the emission of unburned hydrocarbons will increase 

prior to blow-off. 

9. The more compact regime for both fuels, when expressed in terms of Aj(F/A)s, demonstrates the role of the 

required amount of air in jet flames, just as the greater differences between Uba*/U bo* and Ub*/U bo* for propane 

and methane demonstrate the roles of both air dilution and ua. 
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List of Figure Captions 

Figure 1. Computed radial and axial variations of flow streamlines (dotted) and volumetric heat release rate 

(full contours), of methane jet flame. D = 9 mm (r = 4.5 mm), all distances in mm. From [3]. 

Figure 2. Normalised flame lift-off distances for methane and propane subsonic fuel jets. Modified from [6], 

involving only methane and propane as fuels. Methane data indicated by open symbols. Location of blow-off 

values indicated by arrows. 

Figure 3. Oscillatory methane jet flame images prior to blow-off, at fixed subsonic flow on a 3 mm diameter 

pipe. Flow rates 10.24 L/min of CH4 and 3 L/min of air, and values of Aj = 0.227 and Ub* = 14.4. Time interval 

between successive images is 3 s.  

Figure 4. Oscillatory aerated methane jet flame with values of Aj = 0.156 and Ub* = 10.3 prior to blow-off. 

Lift-off distances leading up to blow-off. Time interval between successive data points is 0.25 s.  

Figure 5. Measured lift-off (L/D)f for methane jet as a function of the mole fraction of jet air, Aj. 

Figure 6. Measured lift-off (L/D)f for propane jet as a function of the mole fraction of jet air, Aj. 

Figure 7. Effect of increasing jet air dilution on a , and laminar burning velocity, ua, of CH4/air, for conditions of Fig. 

5. Filled diamond symbol indicates estimated onset of blow-off. 

Figure 8. Blow-off Ub* for methane/air and propane/air: variation with mole fraction of air in jet gas. Broken 

lines show Uba*. 

Figure 9. Broken lines show values of U* ba/U* bo, X indicates propane/air, and O methane/air, mixtures. 
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Table 1 
Range of values in present experiments (including those of Fig. 2). 

Fuel 
Gas exit 

velocity, u, m·s-

1 

Initial stagnation 
pressure, Pi, MPa 

Pipe diameter, 
D, mm 

CH4 9-448 0.1-0.11 1-51 

C3H8 5-249 0.1-0.11 0.84-43.1 

CH4/air 16-63 0.1-0.11 3-4 

C3H8/air 25-221 0.1-0.11 3-8 
 
Table 2 
Conditions for blow-off for separate dilution with air of methane and propane. 
Methane SL = 0.36 m/s        (F/A)s  = 0.105 Propane SL = 0.475 m/s         (F/A)s  = 0.042  

Aj u, m/s D, mm ua, m/s Pi, MPa Ub* Aj u, m/s D, mm ua, m/s Pi, MPa Ub* 

0 62.9 3 0.36  0.19 29.0 0 221 8 0.475  0.18 60.0 

0.02 55.3 4 0.36  0.19 22.7 0.02 215.4 8 0.475  0.18 59.8 

0.05 54.7 4 0.36  0.19 22.5 0.05 189.1 6 0.475  0.18 59.0 

0.238 24.1 3 0.2 0.19 14.6 0.468 45.5 3 0.14 0.18 18.9 

0.25 21.2 3 0.2 0.19 13.1 0.569 31.6 4 0.09 0.18 11.7 

0.266 18.9 3 0.175 0.19 11.9 0.656 25.3 5 0.07 0.18 8.56 

0.294 16.5 3 0.16 0.19 10.8       
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Figure 1. Computed radial and axial variations of flow streamlines (dotted) and volumetric heat release rate 

(full contours), of methane jet flame. D = 9 mm (r = 4.5 mm), all distances in mm. From [3]. 
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Figure 2. Normalised flame lift-off distances for methane and propane subsonic fuel jets. Modified from [6], 

involving only methane and propane as fuels. Methane data indicated by open symbols. Location of blow-off 

values indicated by arrows. 

 

Figure 3. Oscillatory methane jet flame images prior to blow-off, at fixed subsonic flow on a 3 mm diameter 

pipe. Flow rates 10.24 L/min of CH4 and 3 L/min of air, and values of Aj = 0.227 and Ub* = 14.4. Time interval 

between successive images is 3 s.  
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Figure 4. Oscillatory aerated methane jet flame with values of Aj = 0.156 and Ub* = 10.3 prior to blow-off. 

Lift-off distances leading up to blow-off. Time interval between successive data points is 0.25 s.  

 

 

Figure 5. Measured lift-off (L/D)f for methane jet as a function of the mole fraction of jet air, Aj. 
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Figure 6. Measured lift-off (L/D)f for propane jet as a function of the mole fraction of jet air, Aj. 

 

 

Figure 7. Effect of increasing jet air dilution on a , and laminar burning velocity, ua, of CH4/air, for conditions of Fig. 

5. Filled diamond symbol indicates estimated onset of blow-off. 
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Figure 8. Blow-off Ub* for methane/air and propane/air: variation with mole fraction of air in jet gas. Broken 

lines show Uba*. 

 

Figure 9. Broken lines show values of U* ba/U* bo, X indicates propane/air, and O methane/air, mixtures. 

0

20

40

60

80

100

120

140

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

U
b*

Mole fraction of jet air, Aj

Propane

Methane

0

0.5

1

1.5

2

2.5

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

U
b*

/U
bo

*

Aj(F/A)s

Methane


