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Abstract 

 

The stabilization mechanisms of turbulent lifted jet flames in a co-flow have been investigated at a 

pressure of 7 bar. The structure of the flame base was measured with combined OH and CH2O planar 

laser induced fluorescence (PLIF) and the spatial distribution of equivalence ratio was imaged, 

simultaneously, with CH4 Raman scattering. The velocity field was also measured with particle 

imaging velocimetry (PIV). Different bulk jet velocities Uj and co-flow velocities Uc were examined. 

Data show that flames with Uc = 0.6 m/s stabilize much further away from the nozzle than those with 

Uc = 0.3 m/s and that their structure does not resemble that of the edge-flames found closer to the 

nozzle. In addition, for Uc = 0.6 m/s, the measured lift-off height decreases with increasing bulk jet 

velocity, which is opposite to what is typically observed for lifted flames. Statistical examination of 

CH4 Raman images shows that the flames with Uc = 0.6 m/s propagate through regions of the flow 

where the equivalence ratio is not always stoichiometric but, instead, spans the whole flammability 

range. This is not consistent with edge-flames and is, instead, indicative of premixed burning. This is 

corroborated by PIV results which show that the flame base velocity exceeds that typically reported 

for edge-flames. Measurements of relevant flow properties were also conducted in non-reacting jets 

to predict the turbulent burning velocity of these lifted flames burning in a premixed mode. For 

Uc = 0.6 m/s and relatively large bulk jet velocities (Uj = 10 and 15 m/s), the predicted turbulent 

burning velocities are sufficiently high to counter the incoming flow of reactants and, in turn, allow 

flame stabilization. However, for a lower bulk jet velocity of Uj = 5 m/s, the predicted turbulent 

burning velocity is much less, leading to blow-out. This explains why the lift-off height decreases 

with increasing jet velocity for methane at 7 bar and Uc = 0.6 m/s. Data also shows that increasing 

pressure promotes transition from edge-flames to premixed flames due to reduced laminar burning 

velocity and enhanced mixing. 

 

Keywords: Ramanography; Raman; OH-PLIF; CH2O-PLIF; Edge-flame; Premixed flame 
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1. Introduction 

The stabilization mechanisms of turbulent lifted flames have been examined extensively in the past 

[1, 2], providing valuable insights into the stabilization of flames in practical combustors. This was 

usually done with the canonical configuration of a fuel jet issuing into a co-flow because this provides 

suitable conditions for diagnostics and modeling. This is also directly representative of some practical 

configurations, such as industrial flares and leaks from pressurized fuel tanks. Yet, despite this 

progress, there is no consensus on the exact stabilization mechanisms of turbulent lifted flames and 

some experimental and numerical evidence points in directions which are, a priori, incompatible [3-

9].  

 

A potential explanation is that the mechanisms underlying flame stabilization are quite complex and 

depend on many parameters including, fuel [10-12], burner dimensions [4, 13], jet velocity [4, 10-16], 

co-flow velocity [2, 15, 17, 18], pressure [18-20], etc. One particular quantity that plays an important 

role in determining the flame stabilization mechanism is the lift-off height [10, 18, 21], which is a 

function of all the aforementioned parameters. Therefore, the rather large and somewhat inconsistent 

range of stabilization mechanisms proposed in the literature may be due to the possibilities that: (1) 

one or more mechanisms can play a role at the same time and (2) flames may transition between 

stabilization mechanisms depending on the lift-off height. 

 

Experiments of [10], [18], and [22] showed that, for a given combination of fuel and pressure, there 

is a critical co-flow velocity above which the stabilization mechanism of the lifted flame appears to 

change. This is illustrated in Fig. 1 (adapted from [22]) which plots the measured lift-off height h for 

methane at 7 bar as a function of the bulk jet velocity Uj for different co-flow velocities Uc. If 

Uc  0.3 m/s, the slope of the h vs Uj curves is insensitive to Uc and positive so that h increases linearly 

with Uc for a fixed Uj.. This behavior has been observed many times before [10, 13, 17, 18, 22-24] and 

is typical of edge-flames [8, 9]. Conversely, with further increases in Uc, the slope of the h vs Uj curves 
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decreases with Uc and even becomes negative for Uc  0.48 m/s. In addition, h increases rapidly and 

in a non-linear fashion with Uc. Such behavior, observed for methane and ethane for pressures larger 

than 2 bar in [18, 22] and observed for ethylene at 1 bar in [10], cannot be explained by considering 

edge-flames. 

 

In [10] and [18], it is conjectured that flames gradually transition from edge-flames to a premixed 

mode of stabilization when the co-flow velocity is increased and that such transition is associated with 

the increase of the lift-off height. However, direct evidence of a premixed flame stabilization mode is 

not provided in studies [10] and [18]. 

 

By measuring the reaction zone location, temperature, and CH4 concentration in a turbulent lifted 

flame that feature a rather large lift-off height h  0.08 m at 1 bar, Schefer et al. [25] showed that the 

equivalence ratio at the flame base spans the whole flammable range. This is not consistent with edge-

flames and is indicative of a premixed burning mode. Relevant scalars were measured using combined 

2-D laser diagnostics, namely, planer laser induced fluorescence (PLIF) of CH, Rayleigh scattering, 

and CH4 Raman imaging [25]. More recently, Hartl et al. [21] also used combined laser diagnostics 

to reveal the preponderance of premixed burning samples in a turbulent lifted flame stabilized 0.13 m 

away from the nozzle. In [21], a recently-developed method relying on 1-D Raman/Rayleigh 

Fig. 1: Lift-off height as a function of the bulk jet velocity for 

methane at 7 bar and different co-flow velocities.  
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scattering and 1-D simulations was used to identify burning modes [26]. Studies [21] and [25] were 

not conducted at elevated pressure. 

 

The objectives of the present study are: (1) confirming with 2-D combined laser diagnostics that the 

apparent transition in the lift-off behavior when the co-flow velocity increases above a critical value 

corresponds to a transition from edge-flames to premixed flames, and (2) explaining why the premixed 

mode of stabilization yields decreasing lift-off heights with increasing bulk jet velocities. 

 

In their recently published parametric studies of the lift-off height [18, 22], authors observed transitions 

between the two stabilization mechanisms and the peculiar lift-off behavior with negative slopes of the 

h vs Uj curves across a wide range of elevated pressures (3 to 7 bar). Therefore, a subset of the operating 

conditions examined previously (three jet velocities and two co-flow velocities at 7 bar for methane) is 

selected here for further detailed examination with 2-D combined laser diagnostics. Conclusions 

regarding the flame stabilization mechanisms obtained in this study for methane at 7 bar are expected 

to be applicable to the other pressures studied in [18, 22]. 

 

Combined 2-D laser diagnostics have been used extensively in the past to examine lifted flames. In 

[11, 12, 14, 18], planar imaging velocimetry (PIV) was combined with planar laser induced 

fluorescence (PLIF) of one or more flame markers (OH, CH, and CH2O). In [12, 16, 25, 27], the 

mixture fraction was measured using Rayleigh scattering in combination with OH-PLIF, CH-PLIF, 

or CH2O-PLIF. Due to interferences from stray light and Mie scattering, the Rayleigh scattering 

technique is very challenging to implement in a pressurized vessel such as the High-Pressure 

Combustion Duct (HPCD). Filtered Rayleigh scattering is an alternative but it comes with its own 

challenges [28-31] and it is not yet available for the HPCD. Therefore, in the present study, the CH4 

concentration needed to infer the equivalence ratio is measured using 2-D CH4 Raman scattering. 

Studies relying on 2-D Raman scattering (also referred to as Raman imaging or Ramanography) in 

flows are scarce [25, 32-39] but this technique was successfully implemented before in attached and 
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lifted turbulent jet flames [25, 32-36] and combined with PLIF [25, 35] or Rayleigh scattering [25, 

33, 35, 36]. Here, 2-D CH4 Raman is combined with OH-PLIF and CH2O-PLIF. In parallel, OH-PLIF 

and CH2O-PLIF are also combined with PIV to further elucidate stabilization mechanisms. 
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2. Experimental setup and methods 

 

2.1 High Pressure Combustion Duct (HPCD) 

 

Experiments are conducted in the High-Pressure Combustion Duct (HPCD) at KAUST. Details about 

the HPCD are available in [40] and only its main features are described here and in Fig. 2. The HPCD 

is a vertically-oriented stainless-steel tube of 410-mm inner diameter able to sustain pressures up to 

40 bar. It is fitted with six windows, made of N-BK7 or UV-grade fused-silica and distributed 

azimuthally, that provide optical access to the flame. The HPCD is air cooled and its pressure is 

regulated with a dome loaded back-pressure regulator. In this work, all experiments are conducted at 

a pressure of 7 bar. 

 

 

The burner consists of a 0.57-m long stainless-steel tube, with inner and outer diameters of 3.35 mm 

and 4.50 mm, respectively, and squared off ends, issuing a jet of methane at 293 K. A 0.25-m diameter 

co-flow nozzle provides a uniform air co-flow, also at 293 K. The methane mass flow rate is regulated 

to either 17.3, 34.5, or 51.8 SLPM (standard defined at 1 bar and 273.15 K) using a thermal mass flow 

Fig. 2: Schematics of the HPCD showing the burner assembly as well as 

the cameras and lasers beams used for ignition and diagnostics. 
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controller (Brooks SLA5851, full scale of 54 SLPM), which corresponds to bulk jet velocities of 

Uj = 5, 10, and 15 m/s and to bulk Reynolds numbers of Re = 9,500, 19,000, and 28,500, respectively. 

The flow rate of air in the co-flow is monitored using a thermal flow meter (FCI STP100) and two 

different co-flow velocities are examined, Uc = 0.3 or 0.6 m/s. The burner is installed inside the HPCD 

and is mounted on a vertical translation stage so that stations at different heights above the nozzle exit 

may be examined. 

 

The flame is ignited with a laser spark. Details of the optical arrangement for laser ignition are 

available in Fig. 3 (orange color). Ignition is made through one of the HPCD’s windows by focusing 

(f = 750 mm) the first harmonic at 1064 nm of a Nd:YAG laser near the fuel tube exit. The pulse 

energy is set to 800 mJ/pulse. After ignition, the conditions P = 7 bar, Uj = 5/10/15 m/s, and 

Uc = 0.3/0.6 m/s yield lifted flames.  
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Fig. 3: Schematics of the optical setup, including 2-D CH4 Raman/PIV (green), OH-PLIF (red), CH2O-PLIF 

(gray), and laser ignition (orange). 
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2.2 Diagnostics 

 

In this study, combined 2-D laser diagnostics are used to examine the lifted flames’ stabilization 

mechanisms. The locations of the burnt products and of the preheat zone are inferred using OH-PLIF 

and CH2O-PLIF, respectively. The two in-plane components of the velocity field are measured using 

PIV and the state of mixing before reactions occur is inferred using 2-D CH4 Raman scattering. 

Experiments in non-reacting jets are also conducted to understand the role of mixing on the flames’ 

lift-off heights. 

 

Four sets of experiments are conducted: the first (a) combining OH-PLIF, CH2O-PLIF, and 2-D CH4 

Raman in flames at a repetition rate of 10 Hz, the second (b) combining OH-PLIF, CH2O-PLIF, and 

PIV also at 10 Hz, the third (c) conducting PIV in non-reacting jets, and the fourth (d) conducting 2-

D CH4 Raman in non-reacting jets. Details about the optics and how these are arranged are available 

in Fig. 3, which is color coded: OH-PLIF (red), CH2O-PLIF (gray), and 2-D CH4 Raman or PIV 

(green). Raman and PIV systems share most of their optics but feature different laser and signal 

collection systems.  

 

The OH-PLIF system includes a Nd:YAG laser (Continuum, Powerlite DLS9010) pumping a dye 

laser (Continuum, ND6000 + UVT). It is tuned to an output wavelength of 282.930 nm (Q1(6) 

transition of the OH radical) and the available pulse energy is around 10 mJ/pulse. Images of OH-

PLIF are recorded with a 16 bit intensified CCD camera (Princeton Instruments, PI-MAX4) equipped 

with a UV lens (f = 120 mm, f/4.5), a 10-nm bandpass filter centered at 310 nm (Asahi Spectra, 

ZBPA310), and a UG5 Schott glass (Thorlabs, FGUV5S). A 22 hardware binning is used to improve 

the signal-to-noise ratio, leading to images of 532532 pixels2. The pixel density is 8.4 px/mm. The 

OH-PLIF laser sheet has a thickness of around 0.18 mm and a height of 60 mm. 
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The CH2O-PLIF system incorporates a Nd:YAG laser (Spectra Physics, Quanta-Ray Pro290). The 

third harmonic at 355 nm is used with a pulse energy of 250 mJ/pulse. Images are recorded with a 

12 bit intensified CCD camera (PCO., HSFC Pro) also featuring a 22 hardware binning, leading to 

images of 640532 pixels2. To improve the collection angle as well as the spatial resolution, the 

CH2O-PLIF signal is relayed outside of the HPCD by two identical 102-mm diameter achromatic 

doublet lenses (Optosigma, f = 250 mm, AR coated) located in one arm of the HPCD (see Figs. 2 and 

3). Outside of the HPCD, the signal is collimated with a lens (Nikkor, f = 200 mm, f/2.8) and is 

reflected by a dichroic mirror (Thorlabs, DMLP505L) to separate the CH2O-PLIF and CH4 Raman 

signals. The CH2O-PLIF signal is then focused on the ICCD camera chip by a lens (Nikkor, 

f = 85 mm, f/1.8) equipped with a 400 mm longpass filter and a 500 nm shortpass filter. The image 

magnification is close to 0.42 and the pixel density is 9.6 px/mm. The CH2O-PLIF laser sheet has a 

thickness of around 0.18 mm and a height of 40 mm. 

 

The 2-D CH4 Raman scattering system includes a Nd:YAG laser (Continuum, Powerlite DLS9010). 

The second harmonic at 532 nm is used with a pulse energy of 550 mJ/pulse. Images are recorded 

with a 12 bit intensified CCD camera (PCO., HSFC Pro). The signal is also relayed outside of the 

HPCD by the two achromatic doublet lenses. The CH4 Raman signal is focused on the ICCD camera 

chip by a lens (Nikkor, f = 50 mm, f/1.2) equipped with a 18-nm bandpass filter centered at 635 nm 

(Semrock, FF01-635/18-50) as well as one 532 nm notch filter with OD6 (Edmund Optics, #86-130) 

to further exclude stray light and Mie scattering. The image magnification is close to 0.25 and a 44 

hardware binning is used, leading to images of 320256 pixels2 and a pixel density of 7.7 px/mm. The 

CH4 Raman laser sheet has a thickness of around 0.3 mm and a height of 20 mm. Because the Raman 

signal intensity is weak, as much hardware binning as possible is used while ensuring that the 

corresponding pixel density is similar to that of OH-PLIF and CH2O-PLIF. It is noted that spatial 

resolution is rather limited not by pixel density but by the laser sheet thickness. Because the Raman 

scattering signal intensity is proportional to number density, the signal-to-noise ratio is boosted by 
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pressure. Therefore, the highest pressure investigated in [22] (7 bar) was chosen for further 

investigation here. 

 

The PIV system comprises a dual cavity Nd:YAG laser (Litron, Nano L200-15 PIV) providing 

200 mJ/pulse/cavity at 532 nm. Mie scattering is imaged onto a 1376  1024 pixels dual frame CCD 

camera (LaVision, Imager Intense). Because PIV and OH-PLIF cameras are located in front of the 

same HPCD window, Mie scattering is separated from the OH fluorescence using a 50.8-mm diameter 

dichroic mirror located outside of the HPCD. Methane and air streams are seeded with silicone oil 

(Huber, SilOil M40.165.10). Image processing is done with the Davis 8.1.1 software. A multi-pass 

technique is used for image processing with a 16  16 pixels final interrogation area and a 50 % 

overlap, yielding a 0.56 mm vector spacing. The PIV laser sheet is around 0.5-mm thick to maintain 

particles within the laser sheet between the two pulses.  

 

The OH-PLIF, CH2O-PLIF, and 2-D CH4 Raman/PIV laser sheets are overlapped, vertical, and 

intersect the burner’s centerline. The OH-PLIF and CH2O-PLIF laser sheets are over-expanded and 

only overlap with that of the 2-D CH4 Raman over 20 mm, near their respective waists, where they 

are most intense and homogeneous. Over-expansion is not done for the 2-D CH4 Raman laser sheet 

because the highest possible energy density is sought due to the weak nature of the Raman signal. 

Because laser sheets are entering the HPCD through opposite windows, a number of dichroic mirrors 

are positioned within the optical path of each laser beam to prevent any cross-talk that could damage 

laser cavities.  

 

Images of OH-PLIF, CH2O-PLIF, and CH4 Raman are corrected for shot-to-shot fluctuations of the 

laser pulse energy. This is done by directing a small fraction of each laser beam to a photodiode 

(Thorlabs, DET10A/M). Conversion of the temporal profile of each laser pulse to a decimal number 

proportional to the total pulse energy is done with a boxcar averager (Stanford Research Systems, 
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SR250). Images are also corrected for time-averaged spatial inhomogeneity of the laser sheets. This 

is done by applying OH-PLIF and CH2O-PLIF on a laminar jet flame at 1 bar and applying 2-D CH4 

Raman imaging on an isothermal jet of CH4 at 7 bar. For experiments in flames, the OH-PLIF laser 

fires first, followed by the 2-D CH4 Raman laser. The CH2O-PLIF laser fires last. These three 

consecutive laser pulses are separated by 300 ns, which is short enough to freeze the flow. When PIV 

is used, the first PIV laser pulse occurs 300 ns before the CH2O-PLIF laser pulse. The second PIV 

laser pulse occurs after a delay dt, which is optimized for each condition examined.  

 

In this study, PIV is used to measure the velocity of reactants immediately upstream of the flame, but 

outside of the preheat zone, or to measure turbulent velocity fluctuations in non-reacting jets. Here, 

knowledge of velocity is not required in burnt gases. Therefore, the fact that silicone oil droplets 

evaporate at around 500 K is not limiting. 

 

The main constituent of the silicon oil used to seed the flow is Polydimethylsiloxane, which features 

C-H bonds, just like methane. Therefore, it is not possible to combine PIV with 2-D CH4 Raman. 

Attempts were also made to replace silicon oil with titanium dioxide particles but those were found to 

fluoresce in the visible range under excitation at 355 nm, which makes combining PIV with CH2O-

PLIF very challenging [41]. Alumina particles have been shown by others to perform better [42, 43] 

but those were not available at the time of the experiments. 
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2.3 Image post-processing 

 

For each diagnostic technique, images are first corrected for background noise and flatfield. Then, the 

CH2O-PLIF images, 2-D CH4 Raman images, and velocity fields are transformed (combination of 

translation, rotation, and magnification) so that they are spatially aligned with OH-PLIF images which 

serve as the reference. This transformation is obtained by imaging a target with each camera before 

flame experiments. Images are then corrected for temporal and spatial fluctuations of the laser sheet 

energy density. Images of 2-D CH4 Raman are further processed to convert pixel counts into CH4 

mole fractions. This calibration is done with an isothermal jet of CH4 at 7 bar and 293 K where 

XCH4 = 1 and assuming proportionality between pixel count and CH4 mole fraction. Because effects 

of temperature are not accounted for, pixels featuring non-negligible OH-PLIF or CH2O-PLIF signal 

intensities are excluded. Finally, a 22 median filter is applied to all images to reduce noise. After all 

corrections, the standard deviation of the measured CH4 mole fraction in an isothermal jet of CH4 is 

7 %, which reflects the precision of the technique. The equivalence ratio  can be computed from the 

CH4 mole fraction using Eq. (1): 

 =  
2(1+𝛾)XCH4

1−XCH4

                                                               (1) 

 

where XCH4
 is the CH4 mole fraction and 𝛾 is a constant equal to 3.762. Based on the aforementioned 

precision, the single-shot precision on equivalence ratio is estimated to around 50 % for  = 1 and 

25 % for  = 2. A total of 1000 OH-PLIF, CH2O-PLIF, and 2-D CH4 Raman/PIV images are recorded 

for each case examined. 
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3. Results and discussion 

 

3.1 Flame base structure 

 

Figure 4 shows eight examples of snapshots of combined 2-D CH4 Raman, OH-PLIF, and CH2O-

PLIF. The top and bottom rows show four snapshots for Uj = 10 m/s and Uc = 0.3 and 0.6 m/s, 

respectively. These two co-flow conditions yield different lift-off heights (see Fig. 1 or [22]), 

h  0.03 m for Uc = 0.3 m/s and h  0.09 m for Uc = 0.6 m/s. Consequently, top and bottom snapshots 

are not recorded at the same distance above the fuel tube nozzle. The CH4 mole fraction is shown with 

a green colorbar while OH and CH2O-PLIF signal intensities are shown in red and gray, respectively, 

and are normalized. The equivalence ratio , computed from the CH4 mole fraction, is shown in 

orange. Only pixels where the equivalence ratio is within the flammability limits, defined here as 

0.5    1.7, are pictured. Also note that the CH4 mole fraction and equivalence ratio are only 

provided for pixels where OH and CH2O-PLIF signal intensities are negligible so that effects of 

temperature, which are not accounted for in the CH4 Raman signal processing, are mitigated. 

Fig. 4: Examples of snapshots of combined 2-D CH4 Raman, OH-PLIF, and CH2O-PLIF. The CH4 mole fraction is shown 

in green. The equivalence ratio (limited to the flammable range) is shown in orange. The OH-PLIF and CH2O-PLIF signal 

intensities are normalized and are shown in red and gray, respectively. The top and bottom rows correspond to Uc = 0.3 

and 0.6 m/s, respectively, and Uj = 10 m/s for both rows. 
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Figure 4 shows that the morphology of the OH and CH2O layers as well as the spatial distribution of 

CH4 mole fraction are a function of time and co-flow velocity. Four snapshots are provided for each 

co-flow velocity to give an idea of such variability. For Uc = 0.3 m/s, three of the four snapshots 

provided (panels (a)-(c)) exhibit a structure corresponding to that of an edge-flame [9, 12, 16, 18]. 

The OH layer is thin and elongated and its base sits on a narrow flammable region. The CH2O layer 

is thick with high intensities on the rich side of the OH layer (left side in panels of Fig. 4) and is 

narrow and dim on the lean side. These features have already been observed in turbulent lifted flames 

at atmospheric pressure in [12, 16]. Note that, on the rich side of the OH layer, there is no overlap of 

the OH and CH2O layers. 

 

In Fig. 4d, the OH layer has a different morphology, which does not resemble that of an edge-flame. 

This is also the case for many snapshots recorded for Uc = 0.6 m/s. In the bottom row of Fig. 4, the 

OH and CH2O layers of panels (e)-(g) also do not match that of an edge-flame. The OH layer is not 

elongated at the flame base and is much more distributed radially. The CH2O layer is well connected 

to the OH layer, is thin, and has a moderate intensity. Regions where OH and CH2O layers overlap 

are located near flammable regions of the flow (see equivalence ratio in orange), suggesting that heat 

is being released [44, 45]. Compared to the top row, spatial gradients of equivalence ratio are much 

smaller and flammable regions fill a larger proportion of the field-of-view. Based on OH and CH2O 

layers, the structure of the flame base in panels (e)-(g) bears strong resemblance to that observed in 

[12] for a turbulent lifted flame of methane diluted by nitrogen at 1 bar, also featuring a rather large 

lift-off height h  0.1 m. In the bottom row of Fig. 4, only panel (h) has the structure of an edge-flame. 

Some isolated samples can exhibit both the features of edge-flames and features similar to those seen 

in panels (e)-(g), as is the case in panel (c) (see magnified area within the black circle). While it is 

acknowledged that eight purposely selected snapshots cannot tell the full story, such samples are 

representative of the entire data set. Figure 4 suggests that increasing the co-flow velocity/lift-off 

height has a strong influence on the flame base structure and morphology and, in turn, flame 
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stabilization mechanisms. A statistical analysis conducted on multiple sets of 1000 snapshots will be 

presented later in this section to reinforce this statement.  

 

Figure 5 shows two examples of snapshots of combined PIV, OH-PLIF, and CH2O-PLIF for 

Uc = 0.6 m/s and Uj = 10 m/s. The OH and CH2O layers exhibit the same features as those observed 

in Fig. 4e-g but the two in-plane components of velocity are now also available upstream of the flame. 

This information can be used to infer the stabilization velocity, i.e., the velocity component normal to 

the flame front, 1 mm away from the flame base (this will be used later). In Fig. 5, the measured 

stabilization velocity ranges from u = 0.28 to 1.36 m/s, depending on the snapshot used and on the 

radial location, r/D. Velocity information is not available in regions filled with OH because the 

temperature exceeds the vaporization temperature of silicon oil. Note that probing the stabilization 

velocity 1 mm away from the edge of the OH layer is sufficient to be outside of the preheat zone 

marked by CH2O, so that effects of dilatation-induced acceleration and thermophoresis are avoided. 
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A statistical analysis of three key metrics is now conducted to identify the stabilization mechanisms 

of lifted flames featuring large lift-off heights at 7 bar (h ≥ 0.05 m) that are found for large co-flow 

velocities (Uc > 0.4 m/s). Two co-flow velocities are examined: Uc = 0.6 m/s that satisfies Uc > 0.4 m/s 

and Uc = 0.3 m/s that serves as a reference. These three metrics are the morphology of the OH layer at 

the flame base, the stabilization equivalence ratio, and the stabilization velocity. These metrics are 

analyzed sequentially, in the aforementioned order. 

 

The two panels at the center of Fig. 6 show two rather extreme examples of OH layers that feature 

very different morphologies. The post-processing method used to describe quantitatively the OH layer 

morphology is now described. First, the OH-PLIF signal intensity in a region of interest near the flame 

base is binarized to separate pixels with (black) and without (white) OH. The threshold value used to 

Fig. 5: Examples of snapshots of combined PIV, OH-PLIF, 

and CH2O-PLIF for Uc = 0.6 m/s and Uj = 10 m/s. Color dots 

mark examples of locations immediately upstream of the flame 

front. The black lines show the flame front normal used to infer 

the stabilization velocity  u at each location. The vector spacing 

was artificially reduced to ease visualization. 
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binarize OH-PLIF images corresponds to 5 % of the maximum OH-PLIF signal intensity found in 

each image. Due to the dynamic nature of the flame, the location of the region of interest is different 

in each OH-PLIF image but the region of interest is always a square of 3030 pixels2 (corresponding 

to 3.63.6 mm2). Note that different values of binarization thresholds (3 %, 5 %, and 10 %) and region 

dimensions have been tested and it was found that the trends of OH layer morphology with co-flow 

velocity and the corresponding conclusions are not modified. 

 

 

Fig. 6: Probability distribution of normalized area (a) and 

eccentricity (b) of the OH-PLIF layer at the flame base for 

Uc = 0.3 m/s (green) and 0.6 m/s (red) and Uj = 10 m/s. Two 

extreme examples of OH-PLIF layers are shown at the center 

with their respective normalized area and eccentricity. 
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The normalized area and eccentricity of the binarized OH layers are then computed. The normalized 

area is equal to the number of binarized pixels with a value of 1 in the region of interest divided by 

the total number of pixels in the region of interest, which is 900. The eccentricity is a measure of the 

elongation of the OH layer. It is obtained by fitting an ellipse to the binarized OH layer so that 

eccentricity is equal to the ratio of the distance between the foci of the ellipse and its major axis length. 

A circle and a line segment have an eccentricity of 0 and 1, respectively. As an example, the values 

of the normalized area and eccentricity of the OH layer for the rather extreme examples shown in the 

center of Fig. 6 are 0.22 and 0.96, respectively, for the image on the left that resembles an edge-flame. 

The corresponding values for the image on the right are 0.93 and 0.31, respectively, and these are 

unlike edge-flames. 

 

Figure 6a and b show the probability distributions of normalized area (a) and eccentricity (b) of the 

OH layer for Uc = 0.3 m/s (green) and 0.6 m/s (red) and Uj = 10 m/s, computed with 1000 OH-PLIF 

snapshots in each case. It is evident that the morphology of the OH layers is statistically different for 

Uc = 0.3 and 0.6 m/s. Overall, the normalized area is less for Uc = 0.3 m/s than for Uc = 0.6 m/s. On 

average, the eccentricity is closer to unity for Uc = 0.3 m/s than for Uc = 0.6 m/s. It should be noted 

that the probability distribution of eccentricity is quite narrow for Uc = 0.3 m/s and that it peaks around 

0.85. This value is representative of very elongated OH layers. Consequently, Fig. 6 confirms that the 

structure of these lifted flames often resembles that of an edge-flame for Uc = 0.3 m/s but that it differs 

if the co-flow velocity is doubled to Uc = 0.6 m/s. 

 

The stabilization equivalence ratio is now studied statistically. Figure 7 shows two examples of 

snapshots of combined 2-D CH4 Raman, OH-PLIF, and CH2O-PLIF and for which examples of 

locations immediately upstream of the flame front near the flame base are marked with color dots. 

The equivalence ratio, measured with 2-D CH4 Raman, is provided for each location. For the snapshot 

of Fig. 7b, the stabilization equivalence ratio takes different values,  = 0.7, 0.9, or 1.2, depending on 

the radial location r/D and is, therefore, not always stoichiometric. The stabilization equivalence ratio 
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was measured for a relevant number of hand-picked flame base locations (up to five) in each of 1000 

snapshots for Uc = 0.6 m/s and Uj = 10 m/s. These locations were selected by observing only the OH 

and CH2O layers while concealing the information on equivalence ratio to prevent confirmation bias. 

The corresponding probability distribution is shown in Fig. 8 and equivalence ratios smaller than 

 = 0.7 where excluded due to too large experimental error. The stabilization equivalence ratio spans 

the whole flammable range, and this is not consistent with edge-flames that should burn along a 

stoichiometric contour [9, 27]. This is further evidence that the flame with Uc = 0.6 m/s and 

Uj = 10 m/s is not an edge-flame. These data suggest that the flame is instead stabilized in a premixed 

mode. 
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As mentioned in Sec. 2.3, effects of temperature are not accounted for in the determination of the CH4 

mole fraction and this can lead to errors in inferring the equivalence ratio. For example, a local 

Fig. 7: Examples of snapshots of combined 2-D CH4 Raman, 

OH-PLIF, and CH2O-PLIF for Uc = 0.3 m/s (a) and 

Uc = 0.6 m/s (b) and Uj = 10 m/s. Color dots mark examples of 

locations immediately upstream of the flame front, which are 

used to infer the stabilization equivalence ratio . 

Fig. 8: Probability distribution of stabilization equivalence 

ratio measured for Uc = 0.6 m/s and Uj = 10 m/s. The lower 

(LFL) and upper (UFL) flammability limits of methane are 

provided for reference. Data for  < 0.7 was excluded due to 

poor precision. 
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temperature of 323 K, instead of the 293 K considered, would lead to underestimating the CH4 mole 

fraction and, in turn, the equivalence ratio by around 10 %. Temperatures different than 293 K in 

regions not filled with OH or CH2O could be due to the recirculation of some heat towards the flame 

base from downstream locations of the flame [6, 7]. This possibility is highlighted by the data of [25], 

which shows that while the temperature of the reactants immediately upstream of the flame base in 

turbulent lifted flames of methane is close to 300 K most of the time, samples with a temperature up 

to 600 K can be found. The fact that the temperature could not be measured here and that, in turn, 

effects of temperature could not be accounted for, is a limitation of the technique that can lead to 

underestimating the equivalence ratio. However, because temperature below 293 K cannot exist, 

samples with  >> 1 in Fig. 8 are truly rich and this confirms that samples are not always burning 

stoichiometric if Uc = 0.6 m/s and Uj = 10 m/s. This is not compatible with edge-flames and this 

behavior can only be attributed to a premixed burning mode. Data for Uc = 0.3 m/s are not available 

in Fig. 8 because, in this case, spatial gradients of equivalence ratio are much larger than for 

Uc = 0.6 m/s (see Fig. 4). This means that small imprecisions in locating the flame base location (for 

example 1 pixel) could lead to large errors in measuring the stabilization equivalence ratio. For this 

reason, samples featuring spatial gradients of equivalence ratio larger than 1100 /m at the selected 

flame base location were excluded from the analysis even for Uc = 0.6 m/s. The value 1100 /m roughly 

corresponds to 0.1 /px and the reason why this value was chosen will be explained in Sec. 3.2.  

 

The stabilization velocity is now studied statistically. The measured probability distribution of 

stabilization velocity u is shown in Fig. 9 for Uc = 0.6 m/s and Uj = 10 m/s. It is monomodal and the 

most probable stabilization velocity is u  0.5 m/s. The range of probable stabilization velocities is 

−0.3 m/s  𝑢  2.3 m/s. The following observations are made: 

 The majority of the samples feature a stabilization velocity larger than 3SL  0.43 m/s (for 

 = 1 at 7 bar), which was shown to provide an upper bound of the speed of an edge-flame 

[11, 18, 46-48]. In previous studies, edge-flame speeds larger than 3SL were only reported for 
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Lewis numbers larger than unity [48] or twin premixed edge-flames [49], which is not the case 

here. 

 This is a very different behavior to that observed for edge-flames of methane at 2 bar 

(Uc = 0.23 m/s and Uj = 13.5 m/s) and 6 bar (Uc = 0.3 m/s and Uj = 8.1 m/s) in [18], where the 

measured stabilization velocity was always smaller than 3SL. This confirms, once more, that 

the flame with Uc = 0.6 m/s and Uj = 10 m/s at 7 bar examined here cannot be an edge-flame. 

 The most probable stabilization velocity is close to the co-flow velocity Uc = 0.6 m/s. 

 

Due to the dynamic nature of these lifted-flames, the stabilization velocities measured here are not 

equal to the actual flame propagation velocity because the measurements are made in the non-reacting 

fluid immediately upstream of the flame base. This is a limitation of the technique. However, as 

explained in [11], on average, upstream and downstream propagation events cancel out, yielding a 

given lift-off height. Therefore, assuming enough samples are collected, the mean stabilization 

velocity must be very close to the mean flame propagation velocity. Figure 9 shows that both the most 

probable and mean stabilization velocities are larger than 3SL. 

 

Such large stabilization velocities can only be achieved by a turbulent premixed flame propagating at 

some turbulent burning velocity (the auto-ignition scenario is easily ruled-out by observing the CH2O 

Fig. 9: Probability distribution of stabilization velocity 

measured for Uc = 0.6 m/s and Uj = 10 m/s. Three times the 

laminar burning velocity for  = 1 at 7 bar is provided for 

reference. 
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layer [41, 50]). The flame base structure (based on OH and CH2O layers), the stabilization equivalence 

ratio, and the stabilization velocity measured for Uc = 0.6 m/s and Uj = 10 m/s demonstrate that, for 

such a large co-flow velocity, the flame base transitions to a premixed burning mode. This differs 

from the edge-flames found for much smaller co-flow velocities. Note that the designation “premixed” 

does not mean that the reactants are homogeneously mixed (as shown in Figs. 4 and 8) even though 

the flame burns in a premixed mode instead of a diffusion mode. 

 

There are two important questions raised by Fig. 1 that remain unanswered at this stage: 

1. Why does transition to a premixed burning mode occurs when the co-flow velocity exceeds a 

threshold value? In other words, is it possible to predict above which co-flow velocity such 

transition occurs? 

2. Why does this transition to a premixed burning mode yields a negative slope of the h vs Uj 

curves? 

 

Answers to questions (1) and (2) will be provided in Secs. 3.2 and 3.3, respectively. 
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3.2 Effects of jet and co-flow velocities on scalar fields 

 

Before answering why flames with large co-flow velocities can stabilize as flames in a premixed 

mode, efforts are made to understand why these flames cannot stabilize close to the fuel tube nozzle, 

as edge-flames. Based on [9, 11, 18, 51], an edge-flame can exist only if the two following conditions 

are met at the flame base: (a) the equivalence ratio is  = 1 and (b) the velocity is �̅�| = 1  3𝑆𝐿. 

Therefore, effects of the jet and co-flow velocities on fields of equivalence ratio and axial velocity are 

now examined. Those fields were measured in non-reacting jets of methane at 7 bar using 2-D CH4 

Raman and PIV, respectively. It should be noted that the limitations of the 2-D CH4 Raman technique 

stated above do not apply anymore because the species are non-reacting, i.e., temperature is now 

293 K everywhere, and because time-averaged data is examined (except for Fig. 11). 

 

Figure 10 shows the measured time-averaged 2-D fields of axial velocity ū and equivalence ratio  

for |r/D|  4, 0  z/D  20, Uj = 10 m/s, and Uc = 0.3 m/s (a) or Uc = 0.6 m/s (b). If ignited, these jets 

would yield very different lift-off heights h  0.03 and 0.09 m, respectively (see Fig. 1). These values 

correspond to h/D  10 and h/D  28. The expected features of a jet in a co-flow are observed and 

those are not described here. Figure 10 also shows the iso-contours of ū = 0.43 m/s  3SL (gray) and 

 = 1 (blue). Both iso-contours overlap over a large range of axial locations for Uc = 0.3 m/s, 

including z/D  10, which is the measured lift-off height for this condition. This means that locations 

where the reactants are in stoichiometric proportions and where the axial velocity is equal to or smaller 

than 3SL exist. Because these are the conditions required to stabilize an edge-flame [9, 11, 18, 51], 

Fig. 10a demonstrates why edge-flames are most-likely found for the condition Uc = 0.3 m/s and 

Uj = 10 m/s at 7 bar. 
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The situation is very different when the co-flow velocity is doubled to Uc = 0.6 m/s (see Fig. 10b). 

Because both the co-flow and jet velocities exceeds 3SL  0.43 m/s, there are no locations where the 

condition ū  3SL can be met in the region investigated. This is why the iso-contour ū = 0.43 m/s  3SL 

is not present. For this reason, conditions needed to stabilize an edge-flame are not met and the flame 

must exist further downstream, where it may stabilize or blow-out. This is why co-flow velocities 

Uc  0.43 m/s yield rather large lift-off heights h  0.07 m (h/D  20) in Fig. 1.  

 

It was shown in Sec. 3.1 that flames are able to stabilize at heights h/D  20 and that those are burning 

in a premixed mode. This can be explained by examining distributions of gradient of equivalence ratio 

conditioned on reactive mixtures which reflect the level of stratification of the reactants mixture. It is 

acknowledged here that equivalence ratio and its gradient are not the most typical metrics to describe 

Fig. 10: Measured time-averaged 2-D fields of axial velocity ū 

and equivalence ratio   in non-reacting jets for Uc = 0.3 m/s 

(a) and 0.6 m/s (b) and Uj = 10 m/s. Iso-contours of 

ū = 0.43 m/s (gray) and  = 1 (blue) are overlapped. The lift-

off height measured in the reactive case is also provided for 

reference. 
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mixing and stratification in non-premixed jet flames, for which mixture fraction and scalar dissipation 

rate are often used instead. However, even though the configuration used here is a non-premixed jet, 

flames of interest in this study are burning in a premixed mode and usage of the equivalence ratio to 

describe mixing and stratification is ordinary in this context. 

 

Figure 11a plots the probability distributions of equivalence ratio gradient conditioned on  = 1, 

𝜕/𝜕𝜂| = 1, at different heights above the nozzle z/D for Uc = 0.6 m/s and Uj = 10 m/s, where  is the 

coordinate along the normal to the stoichiometric contour. For each of the 1000 available snapshots 

of 2-D CH4 Raman and at any z/D, the equivalence ratio gradient is computed at the radial location 

yielding  = 1 and along the normal of the stoichiometric contour. It corresponds to the slope of the 

line providing the best fit of the curve plotting equivalence ratio vs normal coordinate on a segment 

of 16-px length (~2 mm) centered where  = 1. Values obtained for the 1000 snapshots are then 

combined to yield a probability distribution for each z/D. Conditioning equivalence ratio gradients on 

 = 1 instead of lean or rich equivalence ratios is a choice. This choice was made because   1 yields 

the largest turbulent burning velocity (this is shown later) and is, as a consequence, the most likely 

equivalence ratio of the pockets of reactants through which a premixed flame would propagate. 

However, note that flame propagation through pockets of reactants at lean or rich equivalence ratios 

is possible (see Figs. 7 and 8). It was verified that the directional sensitivity of equivalence ratio 

gradients as a function of z/D or Uj is not a function of the equivalence ratio chosen for conditioning. 

Therefore, conclusions drawn in this manuscript are not expected to depend on this equivalence ratio.  

 

In Fig. 11a, the most probable equivalence ratio gradient decreases as the distance above the nozzle 

increases. It is around 4000 /m and 1000 /m at z/D = 3.2 and at z/D = 31.8, respectively. The thermal 

thickness of an unstretched stoichiometric laminar flame of methane at 7 bar is around 1.310-4 m, as 

computed with Chemkin-Pro [52] using the USC-II skeletal chemical kinetic mechanism [53]. 

Considering the flammable range of methane (defined here as 0.5    1.7), an equivalence ratio 
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gradient of 9200 /m means that the whole flammable range is spanned over one thermal thickness. 

Such condition is not suitable for a premixed burning mode. At z/D = 3.2, the flammable range is 

spanned over 2.3 thermal thicknesses. At z/D = 31.8, it is spanned over 9.2 thermal thicknesses. While 

it is not clear which values of equivalence ratio gradient enable production of a premixed flame, it can 

be argued that conditions suitable for a premixed mode would be reached with shallower gradients 

similar to those found downstream. The measured lift-off height for Uc = 0.6 m/s and Uj = 10 m/s is 

h/D  28 (see Fig. 1), yielding a most probable equivalence ratio gradient of around 1100 /m (see 

Fig. 11). 

 

Figure 11b plots the probability distributions of equivalence ratio gradient conditioned on  = 1 at 

three different heights above the nozzle z/D for Uc = 0.6 m/s and three different bulk jet velocities 

Uj = 5, 10, and 15 m/s. The bulk jet velocity does not seem to have a strong influence on the 

Fig. 11: (a) Probability distribution of equivalence ratio 

gradient conditioned on  = 1 measured for Uc = 0.6 m/s and 

Uj = 10 m/s at different heights above the nozzle. (b) Same but 

for three different bulk jet velocities Uj = 5, 10, and 15 m/s. 
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probability distributions of equivalence ratio gradient, suggesting that the height above which a 

premixed burning mode is possible is insensitive to the bulk jet velocity, at least over the range 

examined.  

 

The insensitivity of equivalence ratio gradients conditioned on  = 1 to the bulk jet velocity is 

somewhat surprising but this trend should not be taken as an indication that the mixing rate is also 

insensitive to the bulk jet velocity. Time-averaged radial profiles of equivalence ratio and velocity 

(shown later in this manuscript) confirm that the jet’s spreading rate increases with increasing bulk jet 

velocity. Therefore, consistent with expectations, the mixing rate does increase with increasing bulk 

jet velocity. 
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3.3 Explaining a peculiar lift-off behavior 

 

In this section, velocity and mixing fields that were measured in non-reacting jets are further utilized 

to show why transition to a premixed burning mode is possible for large lift-off heights and why it is 

responsible for the slope inversion of h vs Uj curves.  

 

Small gradients of equivalence ratio, i.e., small levels of stratification, are necessary to stabilize a 

flame in a premixed burning mode in a turbulent flow but this is not sufficient. It is also necessary for 

the flame’s turbulent burning velocity to be sufficiently high to overcome the stream of incoming 

reactants. Here, the turbulent burning velocity ST is predicted using Gülder’s expression [54], which 

has been constructed theoretically but includes empirical constants, and was shown to be valid for a 

range of fuels and configurations within the wrinkled flame region of the premixed combustion 

diagram. It is repeated below: 

 

𝑆𝑇 = 𝑆𝐿 + 0.62𝑆𝐿
1/2𝑢′1/2 (

𝑢′𝐿𝑇

𝜐
)

1/4

                                               (2) 

 

where u’ refers to the turbulent velocity fluctuations, LT stands for the integral scale of turbulence, 

and  is the kinematic viscosity. 

 

This expression has been used before to interpret lift-off data [10, 55] but the different scalars required 

to compute the turbulent burning velocity were not measured and similarity relations were used 

instead. Here, 2-D fields of equivalence ratio and velocity were measured in non-reacting jets, which 

allows computing the corresponding 2-D fields of laminar burning velocity (computed with Chemkin-

Pro [52] using the USC-II skeletal chemical kinetic mechanism [53]), kinematic viscosity, turbulent 

velocity fluctuations, and integral scale [10, 55] more accurately. Figure 12 shows a premixed 

combustion regime diagram where conditions for which the turbulent burning velocity was computed 
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using Eq. (2) are plotted, namely, Uc = 0.6 m/s and Uj = 5, 10, and 15 m/s. Different data points are 

available for each bulk jet velocity and these correspond to different heights above the nozzle, along 

the stoichiometric contour. The large majority of these data points fall within the wrinkled region 

where the validity of Eq. (2) is proven [54]. Some data points for Uj = 15 m/s sit on the boundary with 

the corrugated flame region. Considering that boundaries of the premixed combustion regime diagram 

are not strictly defined, it is assumed here that Eq. (2) is adequate and hence used for all the conditions 

examined. 

 

 

Inferring the turbulent burning velocity with correlations based on flow properties measured in non-

reacting flows is regularly done (see examples in [10] for lifted flames, in [56] for spherically 

expanding flames, and in [57] for Bunsen flames). However, it should be noted that effects of heat-

release on flow properties such as turbulent velocity fluctuations are not accounted for and these can 

introduce small errors, that should not affect the trends reported here. Figure 13 shows 2-D fields of 

predicted turbulent burning velocity computed using Eq. (2) for 0  r/D  6, 0  z/D  35, 

Uc = 0.6 m/s, and Uj = 5 m/s (Fig. 13a), 10 m/s (Fig. 13b), and 15 m/s (Fig. 13c). Iso-contours of 

 = 0.5 (lower flammability limit in pink),  = 1 (dashed gray), and  = 1.7 (upper flammability limit 

Fig. 12: Premixed combustion regime diagram in terms of 

large eddy Damköhler number DaL and turbulent Reynolds 

number ReL based on the integral length scale. Conditions for 

which the turbulent burning velocity is computed using Eq. (2) 

are shown as colored symbols. 
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in red) are overlapped. The corresponding measured lift-off heights h are also provided (horizontal 

dashed lines). Note that there is no measured lift-off height for Uj = 5 m/s (Fig. 13a) because the flame 

is blown-out. Also note that while values of predicted turbulent burning velocity are provided for 

small heights above the nozzle, there is a z/D value below which defining a turbulent burning velocity 

does not bear much sense because gradients of equivalence ratio are too large. For example, based on 

Fig. 11, the most-probable equivalence ratio gradient at z/D = 12 is around 1800 /m, therefore 

spanning the flammable range over five thermal flame thicknesses. At this point, it is not clear if such 

equivalence ratio gradient is sufficiently low to yield a premixed flame. 

 

The following observations are made: 

 Regardless of Uj and z/D, the radial location yielding the largest predicted turbulent burning 

velocity features   1. This is because the laminar burning velocity is close to maximum near 

stoichiometric for methane. 

 Overall, the predicted turbulent burning velocity increases when the bulk jet velocity is 

increased.  

 At z/D = h/D, the maximum predicted turbulent burning velocity is around ST = 1.0 m/s and 

1.3 m/s for Uj = 10 m/s (Fig. 13b) and 15 m/s (Fig. 13c), respectively. These values are much 

larger than the co-flow velocity Uc = 0.6 m/s and the maximum edge-flame speed 3SL  0.43 

m/s and are compatible with the stabilization velocity probability distribution shown in Fig. 9. 

 For Uj = 10 m/s (Fig. 13b) and 15 m/s (Fig. 13c), the radial location r/D of the iso-contour of 

 = 1 increases with z/D for the range examined. Conversely, for Uj = 5 m/s (Fig. 13a), the 

iso-contour of  = 1 is moving towards the centerline for heights above the nozzle larger than 

z/D  27. This is an important feature of a fuel jet in a co-flow because it is known to influence 

flame blow-out [4]. 
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To verify if stabilization of a turbulent flame in a premixed mode is possible, it is necessary to compare 

values of the turbulent burning velocity to the velocity of the incoming flow of reactants, here taken 

equal to the axial velocity. Figure 14 plots radial profiles of time-averaged axial velocity ū (green), 

equivalence ratio  (orange), and predicted turbulent burning velocity ST (red) for 

Uj = 5 m/s (Fig. 14a), 10 m/s (Fig. 14b), and 15 m/s (Fig. 14c) at z/D = 28, corresponding to the 

Fig. 13: 2-D fields of turbulent burning velocity computed with 

Eq. (2) in non-reacting jets for Uc = 0.6 m/s and Uj = 5 m/s (a), 

10 m/s (b), and 15 m/s (c). Iso-contours of  = 0.5 (lower 

flammability limit in pink),  = 1 (dashed gray), and  = 1.7 

(upper flammability limit in red) are overlapped. The lift-off 

heights measured in the reactive cases are also provided for 

reference. 
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measured lift-off height for Uj = 10 m/s. For Uj = 5 m/s (Fig. 14a), the maximum turbulent velocity 

barely equals the axial velocity at around r/D = 2.1 but it is otherwise much smaller. For 

Uj = 10 m/s (Fig. 14b) and 15 m/s (Fig. 14c), the range of radii for which the predicted turbulent 

burning velocity is larger than the axial velocity is larger and, at the peak, the predicted turbulent 

burning velocity significantly exceeds the axial velocity. These data suggest that stabilization of a 

flame in a premixed mode is possible for Uj = 10 m/s and 15 m/s, and perhaps also for Uj = 5 m/s. 
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Fig. 14: Radial profiles of time-averaged axial velocity ū 

(green), equivalence ratio  (orange), and predicted turbulent 

burning velocity ST (red) for Uj = 5 m/s (a), 10 m/s (b), and 

15 m/s (c) at z/D = 28, corresponding to the lift-off height for 

Uj = 10 m/s. 
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Figure 15 plots the ratio of the predicted turbulent burning velocity to the axial velocity ST/ū along the 

stoichiometric contour (where ST takes its maximum value) as a function of z/D for the three jets 

examined in Fig. 14. As mentioned above, data are not plotted for z/D < 12 because equivalence ratio 

gradients conditioned on  = 1 are arguably too large to yield a premixed burning mode. It is shown 

that, regardless of Uj, the ratio ST/ū is roughly independent of z/D, with fluctuations most-likely 

attributed to experimental noise. This is an important feature of these jets. Indeed, Fig. 15 

demonstrates that, even if flames with Uc = 0.6 m/s and Uj = 10 m/s or 15 m/s are burning in a 

premixed mode (see Sec. 3.1), the actual lift-off height h cannot be predicted/explained by finding the 

nearest upstream axial location where the condition ST/ū  1 is met. This condition is in fact met for a 

large range of axial distances, including distances that are smaller than the measured lift-off height. 

The measured lift-off heights are shown in Fig. 15 and, using Fig. 15 only, it cannot be explained why 

the flames do not propagate upstream to axial locations smaller than z/D  26. A possible explanation 

is that, for z/D < 26, equivalence ratio gradients are too large for a premixed flame to be sustained 

and, at the same time, the axial velocity is too large (> 3SL) for an edge-flame to stabilize. For 

Uc = 0.6 m/s and z/D < 26, conditions are not met for either edge-flames or premixed flames to 

stabilize, and the flame must sit further downstream. It is argued here that the lift-off height becomes 

the most upstream location were a premixed flame can be sustained and that, most-likely, this is where 

equivalence ratio gradients are sufficiently low because the condition ST/ū  1 is met automatically 

(see Fig. 15).  

 

Figure 15 also shows the most probable equivalence ratio gradient as a function of z/D (pink circle 

symbols), which is extracted from Fig. 11. It can be seen that the measured lift-off heights correspond 

to equivalence ratio gradients of around 1100 /m, therefore suggesting that equivalence ratio gradients 

smaller than around 1100 /m are required to stabilize a lifted flame of methane at 7 bar burning in a 

premixed mode. Because the thermal thickness of an unstretched stoichiometric laminar flame of 

methane at 7 bar is around 1.310-4 m, these data show that, in this configuration, a premixed flame 
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can be stabilized if the equivalence ratio gradients are such that the flammable range is spanned over 

more than eight thermal thicknesses. In other words, a premixed flame can be stabilized if less than 

1/8 of the flammable range is spanned over one thermal thickness. This observation is empirical and 

is not meant as a quantitative criterion that can be extrapolated to other configurations but it makes 

physical sense. 

 

 

Based on the above, it can be inferred that the stabilization of a lifted flame in a premixed mode is 

possible only if the two following conditions are fulfilled: 

3. The gradients of equivalence ratio immediately upstream of the flame base are smaller than a 

critical value. If equivalence ratio gradients conditioned on  = 1 are considered, this critical 

value is found to be close to 1100 /m for methane at 7 bar. 

4. The ratio of the predicted turbulent burning velocity to the velocity of the incoming stream of 

reactants is equal to or larger than one. 

 

Both of these conditions are fulfilled for Uc = 0.6 m/s and Uj = 10 m/s or 15 m/s. For the case with 

Uj = 5 m/s, condition (2) is not really fulfilled (see Fig. 15) and, while the ratio ST/ū is very close to 

Fig. 15: Ratio of the predicted turbulent burning velocity to the 

axial velocity ST/ū along the stoichiometric contour as a 

function of z/D for Uc = 0.6 and Uj = 5 m/s (green), 10 m/s 

(red), and 15 m/s (orange). The lift-off heights measured in the 

reactive cases are also provided for reference. The pink circle 

symbols show the most probable equivalence ratio gradient 

(roughly independent of Uj), extracted from Fig. 11.   



 38 

unity, it should be noted that Fig. 15 only shows time-averaged quantities. In an actual flame, it is 

very likely that, at some point in time, condition with ST/ū << 1 will occur, pushing the flame 

downstream where z/D > 28. As mentioned before, for Uj = 5 m/s and z/D > 28, the radial location 

r/D of the stoichiometric contour decreases when the distance above the nozzles increases. This was 

shown by others to be a condition favorable to flame blow-out [4] and likely explains why this flame 

has indeed blown-out in our experiments.  

 

All the above arguments can be used to fully explain the peculiar lift-off behavior observed in Fig. 1. 

If the co-flow velocity exceeds a threshold value, close to three times the laminar burning velocity, 

edge-flames cannot stabilize close to the nozzle and the flame base is pushed downstream where 

equivalence ratio gradients are sufficiently low for the premixed mode to prevail. For the conditions 

examined here (Uc = 0.6 m/s), this corresponds to at least z/D > 26 (z > 0.09 m), yielding equivalence 

ratio gradients conditioned on  = 1 of around 1100 /m on average. At that point, it is also necessary 

for the turbulent burning velocity to exceed the velocity of the incoming stream of reactants. The 

turbulent burning velocity increases when the bulk jet velocity is increased at a fixed co-flow velocity. 

Therefore, the stabilization of flames featuring a faster jet is facilitated. This explains the negative 

slope of the h vs Uj curves found in Fig. 1 if Uc > 0.43 m/s. This also explains why there is a critical 

bulk jet velocity below which flames blow-out. Based on Fig. 1, it is Uj  6 m/s for Uc = 0.6 m/s and 

Uj  5 m/s for Uc = 0.48 m/s. Once the bulk jet velocity is sufficiently high, the ratio of the turbulent 

burning velocity to the velocity of the incoming stream of reactants is larger than unity over a large 

range of distances above the nozzle. The lift-off height then becomes the most upstream location 

where a premixed flame can exist, and this is most-likely to occur where equivalence ratio gradients 

are sufficiently low. It is around z/D  26 (z  0.09 m) for Uc = 0.6 m/s. Data shows (see Fig. 12) that 

this location is fairly insensitive to the bulk jet velocity, which explains why the lift-off height takes 

a rather constant value if Uj > 10 m/s (see Fig. 1). 
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3.4 Effects of pressure 

 

Transition from edge-flames to premixed flames for co-flow velocities larger than a critical value, as 

well as the associated slope inversion of the h vs Uj curves, have been observed for different pressures. 

Transition was reported at atmospheric pressure for ethylene in [10]. It was reported for different 

elevated pressures ranging from 3 to 7 bar for methane and ethane in previous studies by the authors 

[18, 22] and in the present study. However, transition does not occur for methane, ethane, and propane 

at atmospheric pressure. Blow-out occurs instead. This shows that elevating pressure promotes 

transition from edge-flames to premixed flames. The two main mechanisms responsible for effects of 

pressure on the stabilization mechanisms of lifted flames in a co-flow are: 

1. If the co-flow velocity exceeds a critical value, found to be around 3SL, edge-flames cannot be 

stabilized close to the nozzle and the flame is pushed downstream where another mechanism 

is responsible for stabilization. The criterion Uc/SL  3 was shown to be valid at least for 

ethylene at 1 bar [10, 58], methane at 1, 2, 6, and 7 bar [22, 58], ethane at 6 bar [22], and 

propane at 1 bar [10, 58]. Because the laminar burning velocity decreases when pressure 

increases for these fuels, the range of co-flow velocities allowing stabilization of edge-flames 

shrinks with pressure. In other words, increasing pressure promotes transition to the premixed 

mode of stabilization encountered far from the nozzle. 

2. Once pushed downstream, flames may blow-out, or stabilize as premixed flames if the 

turbulent burning velocity equals or exceeds the velocity of the incoming stream of reactants. 

For a fixed bulk jet velocity, increasing pressure enhances turbulence and, in turn, increases 

the turbulent burning velocity. Elevating pressure promotes the stabilization of premixed 

flame, at the expense of blow-off. This is why blow-off occurs when Uc/SL = 3 for methane at 

1 and 2 bar [18] but does not occur for pressures larger than or equal to 3 bar [18, 22]. 
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4. Conclusions 

 

The stabilization mechanisms of turbulent lifted jet flames of methane at 7 bar have been examined 

in the HPCD using combined 2-D laser diagnostics, namely 2-D CH4 Raman, OH-PLIF, CH2O-PLIF, 

and PIV. The transition from edge-flames to flames burning in a premixed mode is explained for cases 

where the co-flow velocity is increased above a critical value. By examining measured fields of 

equivalence ratio and velocity as well as the structure of OH and CH2O layers, the following 

observations were made: 

 If the co-flow velocity exceeds a critical value, which is close to three times the laminar 

burning velocity, Uc/SL  3, conditions required to stabilize an edge-flame close to the nozzle 

cannot be met and the flame is pushed downstream. For methane at 7 bar, this critical co-flow 

velocity is around 0.4 m/s. The criterion Uc/SL  3 was shown to be valid for other fuels and 

pressures in previous studies [10, 18, 22, 58]. 

 For sufficiently large distances downstream of the nozzle, spatial gradients of equivalence 

ratio become sufficiently low to enable stabilization of a flame burning in a premixed mode. 

For Uc = 0.6 m/s, premixed flames exist for distances larger than z/D  26 (z  0.09 m), where, 

on average, 1/8 of the flammable range is spanned over a thermal thickness, corresponding to 

an equivalence ratio gradient of 1100 /m. 

 The existence of flames burning in a premixed mode was confirmed statistically for z/D  26 

by analyzing three key metrics, namely, the morphology of the OH layer at the flame base, the 

stabilization equivalence ratio, and the stabilization velocity.  

 In addition to suitable equivalence ratio gradients, stabilizing lifted flames in a premixed mode 

requires that the turbulent burning velocity exceeds or equals the velocity of the incoming 

stream of reactants. Measurements showed that the predicted turbulent burning velocity 

increases when the bulk jet velocity is increased at a fixed co-flow velocity. This explains why 

flames with Uj < 6 m/s and Uc = 0.6 m/s at 7 bar cannot be stabilized and blow-out. This also 
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explains why the slope of the h vs Uj curves is negative for Uc > 0.43 m/s and intermediate 

bulk jet velocities. 

 If both the bulk jet and co-flow velocities are sufficiently high (for example Uc = 0.6 m/s and 

Uj  10 m/s), the time-averaged predicted turbulent burning velocity exceeds that of the 

incoming stream of reactants for a wide range of axial locations along the stoichiometric 

contour. In such case, the flame is likely able to propagate upstream until gradients of 

equivalence ratio become too large to sustain a premixed flame, which controls the lift-off 

height. The axial location yielding equivalence ratio gradients suitable for premixed flames is 

shown to be insensitive to the bulk jet velocity, explaining why the lift-off height is somewhat 

insensitive to the bulk jet velocity if Uc > 0.43 m/s and Uj  10 m/s. 
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