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Abstract  9 

Alternative fuels and stocks like biomass or chemical and refinery waste, may potentially be used 10 

in gas turbines and industrial applications after gasification. Thus, understanding the role of 11 

hydrogen in these fuels is critical to the broader aim of utilising alternative fuels for power 12 

generation. In this work, the interaction between the flame and the flow field was studied in a 13 

quarl-stabilised swirl non-premixed flame burning CH4 and H2–enriched CH4. Simultaneous high-14 

speed OH-PLIF/PIV imaging at 5kHz was carried out on these flames to explore the flame-flow 15 

interaction. The instantaneous flow fields in the CH4 or CH4+H2 flames showed a small scale 16 

vortical structure near the shear layers, which were not apparent in the time-averaged flow fields. 17 

Increasing H2% in the fuel jet was observed to dampen the velocity fluctuations.  The fuel 18 

composition affected the spatial location of the reaction zone; in the CH4 flames, the axial position 19 

of the reaction zone is seen to track the relatively large-magnitude axial velocity fluctuations while 20 

remaining in locally low-speed regions of the flow. In contrast, in H2-enriched flames, where the 21 

flame is more robust, the reaction zone was able to survive longer, in terms of axial distance, in 22 

the vicinity of high swirling jet velocity, with less sensitivity to velocity fluctuations. With 23 

increasing the H2%, the reaction zone steadily leaves the IRZ towards the swirling jet flow and 24 

localised between its outer and inner vortices. This acts as a stabilisation factor where the internal 25 
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vortices convect hot product towards the fresh mixture. Moreover, the flame curvatures, the 1 

vorticity and compressive strain fields interactions with the reaction zone are presented and 2 

discussed. This article outlines results that yield more in-depth insight into hydrogen-enriched 3 

hydrocarbon non-premixed swirling flames' combustion, which is essential to accelerate the fuel 4 

switching from hydrocarbons to hydrogen. 5 

Keywords: Hydrogen/methane, Swirling Flames, Non-premixed 6 
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1. Introduction 8 

Greenhouse gas emissions from burning fossil fuels have been steadily increasing since the 9 

industrial revolution. The long-term goal of the Paris agreement [1], COP2, is to limit the increase 10 

in global average temperature to below 2oC above pre-industrial levels. A significant reduction in 11 

greenhouse gas emissions in the energy production sectors is needed to achieve this goal. There is 12 

a considerable promise of using hydrogen, hydrogen carriers, and hydrogen-blended fuels in 13 

different power generation infrastructure. More strict regulations on the emissions from gas 14 

turbines (CO2 and NOx) and the industrial sectors have been implemented [2]. These regulations 15 

can be met via the adoption and implementation of various alternative fuels. These alternative fuels 16 

and stocks like biomass, product gases from refinery waste and chemical plants may provide low-17 

cost alternative fuels [3-9], containing a considerable portion of hydrogen. Furthermore, hydrogen 18 

as a carbon free-fuel is of interest as a zero-emission burning fuel [5].  Consequently, one possible 19 

step towards carbon-free combustion can be the utilisation of hydrogen blended with other light 20 

gaseous fuels. Combining hydrogen with hydrocarbon fuels results in higher energy density fuel 21 

and lower CO2 emissions than conventional hydrocarbons [10]. 22 
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Day et al. [11] indicated that the next-generation combustion systems might have to operate 1 

with alternative fuels with a  90% H2 content. Hydrogen production has two main categories 2 

depending on the raw intakes: either from fossil fuels or non-fossil fuels [12]. The fossil fuels 3 

category relies on the breakdown of the long chain of the hydrocarbon molecules via hydrocarbon 4 

reforming, gasification, or pyrolysis technologies [12]. The main product in the reforming 5 

processes is syngas, a mixture of H2 and CO. It is followed by the H2 separation process via steam 6 

methane reforming, partial oxidation, or membrane reforming [13]. Extracting H2 from non-fossil 7 

resources is conducted from biomass or direct water splitting. Either electrolysis [14], thermolysis 8 

or photo-electrolysis [15] accomplish the water splitting. Including renewable energy resources, 9 

the hydrogen production routes could environmentally and economically prevail over many 10 

traditional energy carriers. The state-of-the-art hydrogen production methods and the possible 11 

ways for renewable integration methods using Australia's resources as a case study have been 12 

reviewed by Dia et al.[16]. 13 

Swirling flames are widely used in practical combustion applications such as gas turbines or 14 

industrial furnaces due to their highly flame stability. In contrast to several studies investigating 15 

swirling flames burning hydrocarbon fuels, swirling flames burning hydrogen-blended fuels have 16 

not received significant attention. In one study, the lean stability limits were shown to be lower 17 

with hydrogen addition in a premixed swirl stabilised flame burning methane or natural gas as the 18 

primary fuel [4]. Additionally, this study [4] showed that as the hydrogen addition increases, a 19 

significant reduction in CO emissions was recorded while the NOx emissions were not affected. 20 

In syngas (H2 + CO) swirling flames, hydrogen's presence improved the flame stabilisation, 21 

decreasing CO emissions, yet increasing NOx emissions [3]. The lean blowout limits in a swirl 22 

stabilised premixed flames at a pressure ranging from 1 to 8 atm, showed that increasing the 23 
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hydrogen in the fuel from 0 to 80% reduces the blowout equivalence ratio from 0.46 to 0.3 [5]. 1 

However, two flashback phenomena were reported in swirling premixed hydrogen-containing fuel 2 

blends at lower and higher swirl intensities [6]. The variation in the flame appearance of non-3 

premixed swirl natural gas flames at various H2% was reported in [7]. The results revealed a central 4 

yellow luminous plume stabilised on a shorter blue flame located close to the burner exit with 5 

increased H2 content. As the lean stability limit is approached in premixed methane swirling 6 

flames, OH-PLIF imaging was used to investigate the effects of the hydrogen addition on 7 

improving the lean flame limit [8]. The results revealed that up to 20% hydrogen in the methane/air 8 

mixture leads to a significant increase in the OH concentration. This improves the lean limits of 9 

the flame. A comparison between the flame structures of swirl stabilised CH4, and H2-enriched 10 

CH4 flames were investigated in [9]. 11 

Recently, to identify the leading cause of the blow-off near the lean limit in H2-CH4 premixed 12 

swirling flames, the flow field and flame structure were investigated in [17]. They indicated that 13 

the flow near the flame root's straining leads to flame extinction and then the flame blow-off. As 14 

for the flame structure, an experimental study showed that the addition of hydrogen reduces the 15 

radius of the flame curvature and enhances the flame wrinkling [18]. In addition, in stabilised 16 

swirling H2-CH4 flames, four flame shapes were observed during the transition from stable and 17 

unstable combustion, regardless of whether the combustor was acoustically coupled or uncoupled 18 

[19]. The addition of hydrogen reduces the mixture equivalence ratio, which leads to the observed 19 

flame shapes during this transition. Another investigation on the characterisation of the 20 

thermoacoustic dynamics of swirling H2-enriched methane flames is reported in [20]. They showed 21 

that at 10% H2 content, random short bursts of heat release and dynamic pressure was observed.  22 
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Moreover, the effects of hydrogen addition to methane in premixed swirling flames have been 1 

recently investigated [21-24], with the main focus on the flame shape transitions and the 2 

stabilisation mechanisms. In a strongly confined swirling flame, with hydrogen fraction increase, 3 

it was observed that the flame tip in the outer shear layer gradually propagated upstream and finally 4 

anchored to the burner tip, yielding the transition from "V" to "M" flame [21]. However, in a 5 

laboratory-scale gas turbine model combustor [22], a different change was observed in the flame 6 

shape with increasing hydrogen content. In this study [22],  the impact of the equivalence ratio, 7 

Re, and H2 enrichment on the flame structure were explored using OH-PLIF measurements. They 8 

observed an "M" shape with methane flames, while the H2 addition led to a transition to a "II" 9 

shape above a specific . This transition was attributed to different factors: the increase in the 10 

flame speed, the higher resistance of the flame to the strain rate, and the change in the internal 11 

recirculation zone. This transition in the flame structure influenced the flashback limits 12 

significantly. On the other hand,  the flame root extinction due to the flame straining was the 13 

dominant factor initiating the flame blow-off; however, the H2 addition was seen to enhance the 14 

flame resistance to the strain [23]. Three different flame shapes with varying mechanisms of 15 

stabilisation were identified in a hydrogen-enriched methane low-swirl burner [24], namely lifted 16 

bowl shape, W-shape, and crown-shape. The transition in shapes and the stabilisation mechanism 17 

were mainly depended on the H2-enrichment fraction and the bulk jet velocity.    18 

The previously reported studies have characterised the emissions and flame stabilisation in 19 

hydrogen-enriched swirling and mostly in premixed flames. These premixed swirling flames have 20 

a tendency to flashback with the H2-enrichment under relatively leaner fuel conditions. However, 21 

for non-premixed swirling flames, there is no study concerning the impact of hydrogen addition 22 

on the flame structure to the author's knowledge. The flame-flow field interaction impacts the 23 
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flame stability, heat release, and emissions significantly. Thus, investigating the effects of the H2- 1 

addition has on the details of the flame-flow field and structure is considered one of the primary 2 

pieces of information needed for the combustor designer looking to use future alternative fuels 3 

most efficiently. Since enriching the traditional hydrocarbon fuels in power generation sectors or 4 

industrial furnaces with H2 is a promising methodology, such research is especially essential in the 5 

context of the transition to low-carbon energy. However, the successful integration of H2-6 

enrichment in non-premixed swirling flame applications requires a better understanding of the role 7 

of H2 addition on the flame structure and the flame-flow field interaction. Consequently, this work 8 

aims to fill the gap between the H2-enriched premixed swirling flame and the non-premixed 9 

swirling flames by providing details on a central fuel jet's flame flow field interaction containing 10 

different H2% in a swirling air environment.      11 

The present work details result from a recent experimental study in non-premixed, quarl and 12 

swirl stabilised flames. High-speed simultaneous, 3-component stereoscopic PIV and OH-PLIF 13 

measurements were made of the flames at various hydrogen/methane ratios to delineate the effects 14 

of hydrogen enrichment on the flame-flow field interaction. Three flames are studied in the current 15 

work, differing only in the H2% associated with the methane jet. Thus, the same central jet 16 

momentum is surrounded by the same swirling air intensity. The contribution of H2 in the fuel jet 17 

momentum is varied by 0%, 25% and 50%. Different orientations of the reaction zone relative to 18 

the flow field are investigated.   19 

2. Experimental Setup and Flame Conditions 20 

A schematic of the burner used in this work is shown in Fig. 1a; the burner is similar to that 21 

of refs.[25-27], where more details are provided. The swirling motion is implemented via four 22 

tangent air inlets to the air tube (of inner diameter, dA = 27 mm) around a central fuel tube (df = 23 
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4.4 mm). The axial air stream is supplied from the bottom of the air tube and is mixed with the 1 

tangential air stream downstream. The fuel tube exit terminates with the air tube exit at axial 2 

distance Z = 0 mm. Attaching a diverging quarl to the swirl burner's exit leads to enhanced flame 3 

stability [25, 27-29]. In inhomogeneous mixture flames, the existence of the diverging quarl to the 4 

burner tip improves the flame stabilisation [30-34]. Thus, a diverging quartz quarl of 40 mm height 5 

and 15o half cone angle was fixed to the air tube exit in this work. The geometrical swirl number, 6 

S, is used to characterise the swirl air intensity at the quarl inlet [28] and is defined as S = ( ro 7 

dA/2At) (m/ (m + mA))2, where m and mA are the tangential and axial airflow rates, 8 

respectively, At is the area of the four tangential air inlets, while ro is the air tube radius [35].  9 

 10 

  11 

 12 

 13 

 14 

Figure 1. (a) Non-premixed swirl burner with quarl, and (b) The experimental arrangement 15 

The experimental setup is shown in Fig. 1b, illustrating the stereoscopic PIV/OH-PLIF setup. 16 

The simultaneous PIV/OH-PLIF measurements are conducted for the region just above the quarl 17 

exit at a 5 kHz repetition rate. The OH-PLIF measurements were extended to cover the entire quarl 18 

region as well. The covered areas for both OH-PLIF and PIV measurements are outlined in Fig. 19 

1a. Two counter-propagating laser beams (for PIV and OH-PLIF measurements) were formed into 20 

sheets using sheet-forming optics, focused and overlapped over the burner's vertical central plan. 21 
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A dual cavity, diode-pumped, solid-state Nd: YLF laser was used to illuminate the region of 1 

interest for stereoscopic PIV measurements. The laser was capable of producing 35 W per head at 2 

10 kHz with a 9 ns pulse width. The double-pulsed beams were formed into a sheet along the 3 

central flame plan using three cylindrical lenses. Two high-speed CMOS cameras (LaVision, 4 

Image Pro HS 4M, HSS5) were used to capture the PIV images. These two PIV cameras were 5 

located at ± 15o inclination angle, equidistant from the burner's centerline on both sides of the OH-6 

PLIF ICCD camera. The images were acquired in two-frames burst mode with a resolution of 624 7 

× 608 pixels. The Mie-scattered light from the seeding particles laden the flow was captured via 8 

105 mm, f/4 objective lens, with a 527 nm bandpass filter fitted to the lens inlet. Perspective 9 

distortion was corrected using a dual-plane three-dimensional imaging target (LaVision Type 11). 10 

In addition, via using the self-calibration feature, the Stereoscopic Particle Image Velocimetry, 11 

SPIV, calibration setup was adjusted with the coordinate system so that the Y = 0 mm plane located 12 

precisely in the middle of the laser light. The velocity vectors were calculated by applying particle 13 

image spatial cross-correlation in Davis 8.1 algorithm, where an adaptive multi-pass vector 14 

evaluation algorithm was used (the interrogations areas changed from 128 pixels to 12 pixels). 15 

With 12×12 pixels interrogation windows, 50% overlap, and the laser sheet of nearly 1-mm waist, 16 

a spatial resolution of approximately 0.92 mm × 0.92 mm × 1mm was achievable. For each flame, 17 

1500 Mie scattered images were recorded. By using the Q-factor function equal to 1.3, the spurious 18 

vectors were detected and removed, and with the median filter of 3×3 vectors, the resulting vectors 19 

were filtered. The estimated random uncertainty in the PIV measurements was  0.3 m/s with 0.1-20 

pixel. The vectors were eliminated if the difference between them and their neighbours' was more 21 

than four standard deviations from the mean of the surrounding vectors. Both the swirling and fuel 22 

jets were seeded with titanium dioxide particles of 0.5 μm nominal diameter. 23 
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For the OH-PLIF measurements, a frequency-doubled high-speed dye laser from Sirah 1 

(Cerdo-Dye) pumped with a frequency-doubled, diode-pumped solid-state INNOSLAB laser from 2 

Edgewave (IS16II-E) was used to generate the necessary UV light. With Rhodamine 6G, the dye 3 

laser produced a fundamental beam at 566 nm, which is doubled by using a BBO crystal to generate 4 

a 283 nm laser beam at a 10 kHz repetition rate. The dye laser was tuned to 283.93 nm, exciting 5 

the line Q1 (6) in the A2∑+ - X2II (1,0) band. The OH fluorescence signal was acquired at the right 6 

angle to the laser sheet with a high-speed-star 8 CMOS camera (LAVision HSS8) and an external 7 

two-stage, lens coupled intensifier (LaVision, HS-IRO) with an array of 769×824 pixels at 10 kHz. 8 

The ICCD camera was equipped with an appropriate bandpass interference filter, with a 9 

transmission range from 295 nm to 345 nm, > 80% at 310 nm. Each OH-PLIF image was processed 10 

to remove (a) laser sheet inhomogeneity and (b) background noise from shot-to-shot laser 11 

fluctuations. The laser sheet's correction was determined using an ensemble average of 10,000 12 

individual images of the laser sheet passing through a cuvette filled with acetone and placed in the 13 

center of the field of view. The mean averaged image was used as the laser sheet profile. 14 

The current burner configuration replicates many features associated with the swirling flames 15 

used in real gas turbine combustors and industrial combustors. In this work, both the air swirl 16 

number and fuel jet axial momentum were kept constant at 10.25 and  0.59 g/ms2, respectively. 17 

At this swirl intensity, the bulk air velocity at the burner throat exit was 6.06 m/s which yields to 18 

Reynolds of 11080 based on the burner exit diameter. The hydrogen contribution to the methane 19 

jet's momentum was varied to 0% (i.e. neat CH4), 25%, and 50%, these three flames hereafter will 20 

be designated as FH0, FH25, and FH50, respectively. 21 

 22 

 23 
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 3. Results and Discussion 1 

3.1 Time-averaged measurements 2 

For the sake of comparison, Fig. 2 shows ensemble-averaged of 1500 stereo PIV recordings 3 

for the mean flow field of FH0 and FH50 flames. In these plots, streamlines overlaid the mean 4 

contours of the vertical velocity components, Vy. They covered the entire region's half-width 5 

downstream the quarl exit up to a vertical distance of Z = 85 mm. For both flames, FH0 and FH50, 6 

the flow fields show a typical swirling flow penetrated by a central fuel jet. It should be noted that 7 

this flow field is 40 mm downstream the fuel tube exit, i.e. quarl vertical length. The main flow 8 

field shows a conically shaped inflow of the fresh gases, where the highest flow velocities are 9 

observed and are designated as swirling jet flow, as illustrated in Fig. 2. An inner recirculation 10 

zone, IRZ, characterises the flow field with a backflow, whereas the eye of the IRZ appears 11 

downstream of the quarl exit. It is evident that the IRZ extends backwards, penetrating inside the 12 

quarl. The streamlines plots illustrate the boundaries of the recirculation zone, as shown by the 13 

dotted red lines (Vy = 0 m/s). The recirculation zone is defined as the region of the axial velocity 14 

less than zero. The positive axial velocity in the near field around the flame's central part indicates 15 

that the fuel jet interacts and partially penetrates the IRZ. The IRZ is flanked by a high flow 16 

velocity associated with the fast annular swirling jet, leading to an internal shear layer, ISL. 17 

Another but weaker shear layer forms between the central jet and IRZ, see Fig. 2.  18 

The flow field for flame FH50 (Fig. 2b) exhibits qualitative features similar to flame FH0 but 19 

with a longer and slightly narrower IRZ. The jet region of flame FH50 has a significantly stronger 20 

jet velocity but with a broader opening angle than FH0 and is extended for longer distances 21 

downstream the quarl. Increased momentum in the swirling jet region of flame FH50 would 22 

suggest that the hydrogen-enriched flame can sustain combustion in the highly strained jet region, 23 
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which will be illustrated in the next section. Also, in the two flames, the radial expansion of the 1 

swirling jet downstream the quarl causes the central part to decelerate with increasing Z, as 2 

indicated by the IRZ. Similarly, the IRZ size but in premixed swirling methane flames increases 3 

compared to the non-reacting case, and this was attributed to the thermal expansion of the burned 4 

mixture in the IRZ [21]. Also, in low swirl flames, the dominant contribution to the flow 5 

divergence was from the combustion more than the swirling flow itself [24]. Further downstream, 6 

the heat release reverses the deceleration trend and generates a slight mean acceleration of the 7 

central jet region. However, in the far-field, Z >  60 mm, a weak deceleration in the central flow 8 

region is observed again, see the marked reversed area along the central part. This observed far 9 

downstream reversed flow zone has been reported in premixed lean low swirl methane flame [11] 10 

but with a larger size.  11 

 12 

 13 

 14 

 15 

 16 

 17 

Figure 2. Mean axial velocity contours overlaid by streamlines plot (a) flame FH0, and (b) flame 18 
FH50, the dotted red line represents the boundaries of the reversed flow region where the zero 19 
isocontours of Vy is identified.  20 

To further investigate the effects of hydrogen addition on the flow field, the radial profiles of 21 

the mean axial velocity, Vy, and the velocity fluctuations, Vyrms, in flames FH0, FH25, and FH50 22 

at axial locations of Z = 30 and 40 mm are illustrated in Figs. 3a-3d. In addition, the radial 23 
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distribution of the tangent velocity components, Vt, at these two locations are shown in Figs 3e -1 

3f.  The Vy velocity profiles at Z = 30 mm for the three flames, Fig. 3a, show a typical pattern of 2 

central jet interacting with a swirling flow which consists of a strong reversed flow occupying a 3 

portion of the flame flow field, IRZ. The central peak velocity corresponds to the central jet. This 4 

central jet exhibits a shear layer with the surrounding revered flow, see Fig. 2. At the outer 5 

boundaries of the IRZ, another but stronger shear layer is formed due to the high jet velocity of 6 

the swirling flow. This swirling jet shows the second peak velocity in the velocity field, and this 7 

peak increases with increasing the hydrogen % in the central flow jet. The peak value of Vy 8 

associated with the swirling jet is an order of 11 m/s in FH50 flame and 8 m/s in flame FH0. 9 

However, the hydrogen % still does not impact the reversed flow structure or the central jet's peak 10 

velocity at Z = 30 mm. The increase in the peak velocities of Vy, or Vt (see Fig. 3e-3f), is due to 11 

the higher flame temperature and more substantial thermal expansion with an increased H2% in 12 

the fuel jet. The same observations of Vy profiles were recently reported in high hydrogen-13 

enriched premixed CH4/H2/air flames [21].  14 

The corresponding Vyrms profiles at Z= 30 mm, Fig. 3c, exhibit three peaks of Vyrms. One 15 

peak at the outer shear layer of the central jet and the other two peaks associated with the steep 16 

velocity gradients within the swirling jet's shear layers. As illustrated, the steeper the velocity 17 

profile along the inner jet flow shear layer, the higher Vyrms' peak. However, increasing the 18 

hydrogen % in the fuel jet leads to the attenuation in the velocity fluctuations, where the Vyrms 19 

profiles of flame FH50 show a reduction in the peaks of Vyrms (Vyrms peaked a value of  3.2 20 

m/s in flame FH0, but 1.5 m/s in FH50 flame). Further downstream, at Z = 40 mm, Fig. 3b, the 21 

reversed flow starts to decelerate for flames FH25 and FH50, and ends for flame FH0. At Z = 40 22 

mm, the swirling jet shows more broadening, which is accompanied by a decrease in the jet peak 23 
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velocity, Vy, in the three flames relative to those observed in Fig. 3a. Interestingly, although the 1 

observed high thermal expansion in flames FH25 and FH50, stronger IRZ is still observed than 2 

that noticed in FH0 flame.  The decreased IRZ strength can be seen from the recirculation zone 3 

negative Vy profiles at Z = 40 mm (plotted in Fig. 3b). The opposite trend has been reported in a 4 

premixed CH4/H2 swirling flame, where the H2 addition decreases the strength and size of the IRZ 5 

[23].  6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

Figure 3. Radial profiles of mean axial velocity, Vy, at various axial locations of Z = 30 and 40 22 

mm of flames FH0, F25 and FH25 (a-b) and the corresponding RMS of the axial velocity, Vyrms, 23 
(c-d). Radial profiles of mean tangent velocity, Vt, at various axial distances of Z = 30 and 40 mm 24 

of flames FH0, FH25, and F50 (e-f). CL shows the physical location of the burner centerline. 25 
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Still, the same observed features of Vyrms at Z = 30 mm are noticed at Z = 40 mm (Fig. 3d), 1 

but with relatively lower peak values due to the reduction in the jet velocity gradient. Also, the 2 

flames with higher hydrogen % show lower velocity fluctuations. Although the decrease in the 3 

peak value of Vy in flame FH0 relative to FH50, the Vyrms profile in flame FH0 shows a broad 4 

region of high axial rms velocity in the inlet swirling jet. This indicates the unsteady nature of the 5 

heat release around the IRZ in FH0, which causes intermittent flow acceleration to produce large 6 

flow fluctuations, and oppositely suggests steady heat release producing a more robust flame for 7 

the H2-enriched fuel flames. The tangent velocity profiles show a peak Vt at r  -12 mm for the 8 

three flames at Z = 30 mm, see Fig. 3e. Vt profiles show the same features as those examined for 9 

the vertical velocity components, Vy, where the tangent velocity profile of flame FH50 shows the 10 

highest peak of Vt. The reduction in the peak velocity of Vt with increasing the axial distances (Z) 11 

is more remarkable for flame FH0 than for flames FH25 and FH50. This explains the observed 12 

longer IRZ in flames FH50 relative to FH0, illustrated in Fig. 2. Overall, the results presented in 13 

Figs. 2-3 provide direct evidence that the average flow structure is affected by H2% in the central 14 

fuel jet, which determines the location and rates of heat release. 15 

Moreover, the overall understanding of the effects of hydrogen enrichment on the flame 16 

structure is gained from Figs. 4a-4b. In these plots, the time-averaged OH images for FH0 and 17 

FH50 flames are presented. The OH-PLIF image extends from one side of the flame to the other, 18 

spanning radially 76 mm, and covers the flame vertically from the fuel tube exit to 70 mm 19 

downstream the quarl. The horizontal lines seen in the OH images (Figs. 4a-4b) around Z= 0 mm 20 

are due to the distortion caused by the quarl exit lip. The standard corrections for the flat field, 21 

background and laser sheet non-homogeneity have been conducted to the OH images presented in 22 

this work. In the OH-PLIF image, the dark regions without OH signal show regions of low to 23 
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medium temperature or fresh fuel and fuel/air mixture. The super-equilibrium [OH], typically 1 

located at the flame front, is identified by the brightest OH PLIF signal regions.  2 

In the two flames FH0 and FH50, within the quarl, a similar thin OH layer appears along the 3 

quarl wall, and does not start from the nozzle fuel tip; instead, it is extended upstream the annular 4 

air tube. The LES simulation resulting in the same burner configuration showed that the 5 

recirculation zone penetrates upstream the air tube, leading to the fuel-air mixing beginning 6 

upstream the fuel tube exit [25, 27, 28]. The attached diverging quarl to the burner exit allows the 7 

flow to expand in the radial direction, which, as seen in Fig. 2, results in an earlier vortex 8 

breakdown inside the quarl. The large scale recirculation zone inside the quarl allows the fuel's 9 

convective transport into the air tube upstream. In addition, the O2 mass fraction showed a low 10 

concentration around the fuel jet zone [25]. Thus, the combustion occurs in a typical diffusion 11 

flame mode within the quarl at the interface between the spreading fuel jet and the confinement 12 

air. Therefore, the flame is located around the stoichiometric mixture in the air tube where the local 13 

scalar dissipation rate is low (lower than the quenching scalar dissipation rate) [26]. The similarity 14 

of the OH structure of the two flames, FH0 and FH50, within the quarl zone indicates there is little 15 

or no difference in the mixing pattern within the quarl region.  16 

 17 

 18 

 19 

 20 

 21 
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 1 

Figure 4. Time-averaged OH-PLIF images (a) flame FH0, (b) flame FH50, the dotted white line 2 

illustrates the quarl sidewall, and (c) shows radial profiles of the OH signals at various axial 3 

distances ( Z= 10 and 30 mm). 4 

Downstream of the quarl in flame FH0 (Fig. 4a), the OH layer is seen to spread considerably, 5 

up to Z  35 mm, where it is then pushed towards the central region at Z > 35 mm. Flame FH50 6 

(Fig. 4b) shows a spread in the OH layer downstream of the quarl, but still relatively thinner and 7 

located farther away from the central region for longer downstream distances than those observed 8 

in flame FH0. To further investigate the effects of hydrogen addition on the mean flame structure, 9 

the radial profiles of the mean OH signals in flames FH0 and FH50 at axial locations of Z = 10 10 

and 30 mm are illustrated in Fig. 4c. The radial profiles of the time-averaged OH signal show that 11 

the OH peak signal of flame FH50 (at Z = 10 mm) is outward shifted than that of flame FH0. This 12 

indicates that the FH50 flame can be sustained in the high-velocity region of the inlet jet; see the 13 

velocity streamline and contour distribution illustrated in Fig. 2. This indicates downstream the 14 

quarl exit, and the FH0 flame always looked for the most favorable position of stabilisation, i.e. 15 

the region with minimum axial velocity. However, on the opposite, as hydrogen fraction further 16 

increases, the flame can now resist the flow and stabilise along with the jet shear layer, forming a 17 

more stable flame.   Further downstream at Z= 30 mm, the OH PLIF intensity attenuates while it 18 

spreads towards the central flame region. Interestingly, the peak of the OH profile for flame FH0 19 

at Z= 10 mm is shifted towards the inner shear layer and shows considerable OH concentration 20 

along the IRZ (see Fig. 2a for the flow field structure). However, at Z= 30 mm, the central region, 21 

as seen, is occupied by higher OH concentrations, where the flame shows a tail-like pattern along 22 

the central area of the flow. This indicates the change in the flame structure with hydrogen addition 23 

in the fuel jet.     24 
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3.2 Instantaneous flame structure - flow field interaction 1 

The previous section presented average time fields showing the flame's global features, while 2 

the instantaneous flow field structures play a critical role in exploring the flame stability and 3 

mixing field, and consequently, the flame dynamics. Figure 5 depicts samples of the instantaneous 4 

streamlines of flame FH50 in Fig. 5a, and the instantaneous velocity vectors superimposed on the 5 

contours of the tangential velocity component, Vt, of flame FH0 in Fig. 5b. It is evident that the 6 

instantaneous flow field for these flames shows dramatically different features than those of the 7 

mean flow field; see the streamlines field of flame FH50 (Fig. 5a) and the corresponding mean 8 

flow field presented in Fig. 2b. The instantaneous flow field shows a significant temporal variation, 9 

multiple small-scale vertical structures along the ISL, and an early central area of the flame (these 10 

small vortices are continuously formed and dissipated in the shear layer). With the high turbulence 11 

intensity present in the shear layer, these vortices play a crucial role in mixing the cold fresh gas 12 

and hot burned gas from IRZ and the central fuel jet. As shown, there are mutual interactions 13 

between the central vortices close to the fuel jet and the outer vortices close to the shear layer of 14 

the swirling jet. This contrasts with the mean flow field, which shows a sizeable IRZ. Figure 5b 15 

illustrates another flow feature; the velocity vectors in the plane of the measurements have been 16 

superimposed on the Vt contours to show that the locations with the sudden increase in the velocity 17 

are associated with a decrease in Vt value and vice versa. This is attributed to mass conservation 18 

requirements, where the reliable swirling flow components normal to the measuring plane are 19 

needed to compensate for an increase or decrease in the velocity.  20 

 21 

 22 
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 6 

Figure 5. Instantaneous flow field at axial plane: (a) velocity vectors and streamlines plot of flame 7 

FH50, and (b) the velocity vectors superimposed with the tangent velocity contours for flame FH0 8 

(alternate rows of vectors have been removed for clarity). 9 

 10 

Moreover, an example of simultaneous OH-PLIF/PIV single shot together with the Mie 11 

scattering images of flames FH0 and FH50 are presented in Fig. 6. By tracking the boundaries of 12 

the high-density gradient of the seeded flow in the Mie scattering, the trace of the flame structure 13 

relative to the flow field can be understood (Figs. 6b-6e); see the similarities between OH-PLIF 14 

images and the corresponding density gradient in the Mie scattering images. For flame FH0, 15 

downstream of the quarl lip, the OH layer continues for a short distance within the swirling jet's 16 

shear layer and then it is pulled upstream within the central region via the side internal vortices 17 

Figs. 6b-6c. Then, the two OH branches converge towards the central region, where low axial 18 

velocity is located.  On the contrary, in flame FH50, images in Figs. 6e-6f indicate that the flame 19 

reaction zone confines the swirling flow inside the quarl and continues downstream the quarl 20 

where it resides primarily in the vicinity of the high-velocity jet flow for a long distance. This 21 

indicates the low flame stability of methane flame relative to the enriched methane/hydrogen 22 

flames.  23 
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 1 

 2 

Figure 6: Instantaneous single OH shots for flames (left column) over the whole flame region, the 3 

corresponding Mie scattering images for the region above the quarl (middle column), in the left 4 

column the velocity vectors imposed on the OH-PLF imaging (first-row flame FH0, and second-5 

row flame FH50). 6 

 7 

The [OH] may take a longer timescale to decay in the high-temperature gas than with the flame 8 

front reaction zone. However, Sadanandan et al. [36] showed that in similar swirling flames, the 9 

approximate reaction zone might be identified from the regions of the highest gradient in the OH-10 

PLIF images due to the super-equilibrium [OH] generated there. Figure 7a shows the OH-PLIF 11 

single-shot image for flame FH50. For this OH-image, the sheet-corrected images were binned 12 

(33 pixels) and then smoothed with a Gaussian filter. There are different methods for the gradient 13 
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calculations; in the current study,  we used a Sobel gradient filter which takes the derivative in one 1 

direction and smoothes in the orthogonal direction using a one-dimensional triangle filter. The 2 

gradient magnitudes of the images were determined, and the spatial location and structure of the 3 

transient reaction can be identified, and the results are shown in Fig. 7b. The most significant 4 

gradients are most likely to correspond to the reaction zones, while the smallest gradients conform 5 

to the boundary layers between hot and cold gases. The results of the gradient filter operator were 6 

also conditioned to eliminate most of the noise content generated in the post-flame gas region. 7 

Later, a threshold gradient was applied to binarise the images, and a median filter was used to 8 

remove the noise artefacts. The magnitude of the threshold gradient was chosen as a compromise 9 

between maintaining the actual flame topology inferred by the eye of the raw images and 10 

minimising the image noise. In the following section, samples of the time sequence of the 11 

flame/flow field interaction in the three flames FH0, FH25, and FH50 will be presented. The 12 

approximate position and structure of the reaction zone were identified by extracting the gradient 13 

of the OH-PLIF images versus the flow field. This gradient shows the features of the interaction 14 

between the flame reaction zone marker and the three velocity components, vortex, and principle 15 

strain rate. This information mutually reinforces our understanding of the flame-flow field 16 

interaction with increasing H2% in these flames.  17 

 18 
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Figure 7. (a) Sample of the OH-PLIF image of flame FH50, and (b) The corresponding OH 13 

gradient magnitude 14 

Figures 8-10 show typical samples of simultaneous time sequences of OH-PLIF/PIV measured 15 

in flames FH0, FH25 and FH50. For a given flame, the instantaneous OH-PLIF images in a time-16 

sequence with 0.2 ms intervals between consecutive images over 0.6 ms period are presented in 17 

the first row designated by (a) in each figure. The OH-PLIF images cover an axial distance from 18 

Z= - 40 mm (fuel tube exit) to Z = 70 mm (downstream the quarl exit). For the flame data set, row 19 

(b) shows the time sequence of the reaction zone location (based on threshold outlining the 20 

maximum OH-PLIF gradients) overlaid on the velocity vectors and arranged in a time sequence 21 

left to right. The exact time sequence of the reaction zone locations but overlaid on the contours 22 

of Vy and Vt, are presented in rows (c) and (d), respectively. For each figure, rows (e) and (f) 23 

illustrate the reaction zone superimposed on the contours of minimum 2D principal strain rates 24 

and the instantaneous vorticity field, respectively. Since the simultaneous PIV/OH-PLIF 25 
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measurements were conducted downstream the quarl, the datasets for rows (b-f) in Figs. 8-10 are 1 

cropped for clarity to only the regions downstream quarl lip.  2 

Investigating the instantaneous OH-PLIF time sequence images of flame FH0, illustrated in 3 

Fig. 8a, show a conical OH layer inside the quarl with fewer flame dynamics than downstream of 4 

the quarl. Approaching the quarl lip, the OH layer is seen to become corrugated and thicker. A 5 

close inspection of the OH gradient time sequence overlaid on the velocity vectors (Fig. 8b), and 6 

the Vy contours (Fig. 8c) reveal the existence of the reaction zone close to the shear layer of the 7 

swirling jet does not continue for a long distance downstream the quarl. The consistent formation 8 

of strong vortices close to the quarl corner causes the reaction zone to wrinkle and reside in low 9 

axial velocity regions. The existence of the side vortices tends to roll up the flame toward the quarl 10 

lip with time. Occasionally, with strong vertices, the reaction zone advects to the ISL of the jet 11 

flow (see the lower right regions of the flame close to the quarl lip). The reaction zone attunes to 12 

the passage of these pockets of the flow characterised by a large scale flow structure; see the 13 

vortices identified by red dotted rectangles and the large negative velocity flow pockets identified 14 

by red arrows. As shown in Fig. 8c, within the central region, the spatial location of the reaction 15 

zone is seen to be sensitive to the fluctuation in Vy (identified by the red arrows), while holding 16 

up in the low-velocity regions. Further downstream Z > 30 mm, with the swirling flow 17 

contraction, the reaction zone tends to elongate along the central flame zone where low axial 18 

velocity is located. The time sequences of the reaction zone versus Vt contours, illustrated in Fig. 19 

8d, indicate that the spatial location of the reaction zone is less sensitive to the Vt fluctuation than 20 

that observed with Vy. The reaction zone tends to be found at the boundaries of the flow pockets 21 

of high Vt. The lower sensitivity of the reaction zone to Vt is due to the flame's tendency to be 22 

located in the central region, where low values of Vt and less Vt fluctuation are found.  23 
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The time sequence of the reaction zone versus the corresponding instantaneous vorticity field 1 

for flame FH0 is illustrated in Fig. 8e. The vorticity field shows two vortical structures 2 

corresponding to the swirling jet flow at a radial distance, r   22 mm. These vortical structures 3 

surround the main flame sheet downstream of the quarl lip. As shown at the left lower corner of 4 

each frame, negative vorticity is observed in the inner shear layer. In contrast, a region of positive 5 

vorticity is associated with the outer jet shear layer. Peak vorticity magnitudes of about 2500 s-1 6 

are noticed near the quarl lip in the jet shear layers, whereas the vorticity magnitudes in the central 7 

region are relatively low. Less correlation is observed between the reaction zone and the confining 8 

high vorticity flow. The reaction zone in this flame persists in the low axial velocity periphery of 9 

the vortices, but occasionally the wrinkled reaction zone is impacted by the passage of the vortical 10 

structures. 11 

As shown at the left lower corner, the reactions zone is rolled up towards the quarl edge.  12 

This leads to an increase in the flame area and hence the reaction rates at these particular locations. 13 

In addition, the same flame sheet series are superimposed on the plots of the minimum principal 14 

strain rates demonstrated in Fig. 8f. In non-premixed flames, the thinnest flame sheet was oriented 15 

perpendicularly to the principal compressive strain rates [37, 38]. In this flame FH0, the flame 16 

sheet is thin and more likely associated with the correct (2D) principle strain rate, and as noted 17 

before in this flame, the reaction zones are located and resided in the regions of low Vt (see Fig. 18 

8d). Comparing the strain rate time sequence plots with the Vy (Fig. 8c) and the vorticity (Fig. 8e) 19 

shows that the regions of high compressive strain rates result from the high Vy velocity and are 20 

associated with each of the main vortical structure. The large magnitude axial velocity fluctuations 21 

dedicate the axial location of the flame sheet within the central region. Thus, the reaction zone 22 

persists in low strain rate areas while following the minimum strain passages around the periphery 23 
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of small vortices (as indicated by the left lower reaction zone close to the quarl lip from frame 1 1 

to 4, Fig. 8f). 2 
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Figure 8. Data set of flame FH0 (a) OH-PLIF images-time sequence with 0.2 ms time intervals. 1 

OH gradient overlaid on: (b) the velocity vectors, (c) the axial velocity, Vy, (d) the swirling 2 
velocity Vt, (e) the contours of vorticity, and (f) the contours of minimum principle normal strain. 3 
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Figure 8. Flame FH0 (continued) 13 

Figures 9a-10a show the instantaneous time sequences of the OH-PLIF images for flames 14 

FH25 and FH50. Interestingly, the flame sheets reside parallel to the quarl wall and continue 15 

outside the quarl, but expand their radial location into the high-velocity jet region for a longer 16 

downstream distance relative to FH0 flame. The ability of the flames FH25, and FH50 to stabilise 17 

in the high jet velocity region for long distances downstream the quarl edges can be confirmed by 18 

investigating Figs. 9b-10b of the simultaneous reaction sheets, velocity vectors and Vy. The 19 

vortices close to the corner were not able to roll up or wrinkle the flame sheets. However, as shown 20 

in Fig.9b-9c, for flame FH25, the continuous existence of large flow structures alter the path of 21 

the flame sheet downstream the shear layer of the jet flow, see the time sequence of the right branch 22 

(e) 

(f) 
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of the flame sheet (indicated by red rectangles, and red arrows). This is not observed for the flame 1 

sheets in the downstream locations of flame FH50, where the flame sheets are less sensitive to the 2 

large flow structures at this location than flame FH25, see Fig. 10b-10c. In general, in flames FH25 3 

and FH50, the spatial location of the flame sheets show less sensitivity to the axial fluctuations of 4 

Vy than that observed in flame FH0. Due to the flame radial expansion downstream the quarl edges 5 

of flames FH25 and FH50, the reactions zone is located at the region with high Vt. Then, in the 6 

following location, it resides at the inner boundaries of the high Vt contours, see Figs. 9d-10d.   7 

Rows (e) and (f) in Figs. 9 and 10 show the sequence of flames overlaid on the instantaneous 8 

vorticity and strain rates fields of flames FH25 and FH50, respectively. As shown in all frames of 9 

the H2-enriched flames relative to those examined in FH0 flame, the high vorticity regions are 10 

broader, longer, and shifted upward in conjunction with the region of jet flow. The time sequences 11 

of the flame/vorticity plots indicate what appears to be a correlation between the high level of 12 

vorticity and reaction zones. The high level of vorticity and axial velocity structure enhances the 13 

strain rates within these zones. Thus, the flame sheets are exposed to high strain rates in these 14 

regions (see Figs. 9f-10f. The observed higher extensional strain indicates more intense volumetric 15 

heat release for the H2-enriched jet swirling flames. The difference in the location of the reaction 16 

zone is explained by the enhanced stability of the H2-enriched fuel flames even in the regions of 17 

the high jet flow without flow recirculation. One apparent feature from Figs. 8, 9, and 10 is that, 18 

increasing the H2% in the central fuel jet (from flame FH0 to FH50), the reaction zone downstream 19 

the quarl steadily resides between the inner and outer shear layer vortices. This indicates the higher 20 

flame stability with H2 increasing, where the reaction zone is located between the jet shear layer 21 

vortices, then the inner jet shear layer vortices are likely to convect the burned mixture a lot 22 

towards the incoming fresh mixture.  On the country for flame FH0, the vortices intermittently 23 
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convect fresh cold reactants towards the reaction zone, leading to the extinction of the flame root 1 

and hence less flame stability. A more interesting feature is that increasing the H2% in the fuel jet 2 

leads to more small vortices in the central region of the flames, and thus more small pockets of 3 

high strain rates appear. This is indicated by comparing rows (e-f) of Figs. 9-10 to the 4 

corresponding rows of Fig. 8.  5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

(a) 

(b) 

(c) 

(d) 



28 
 

 1 

 2 

 3 

 4 

Figure 9. Data set of flame FH25 (a) OH-PLIF images-time sequence with 0.2 ms time intervals. 5 
OH gradient overlaid on (b) the velocity vectors, (c) the axial velocity, Vy, (d) the swirling velocity 6 

Vt, (e) the contours of vorticity, and (f) the contours of minimum principle normal strain 7 
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Figure 9. Flame FH25 (continued) 18 
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Figure 10. Data set of flame FH50 (a) OH-PLIF images-time sequence with 0.2 ms time intervals. 1 

OH gradient overlaid on (b) the velocity vectors, (c) the axial velocity, Vy, (d) the swirling velocity 2 
Vt, (e) the contours of vorticity, and (f) the contours of minimum principle normal strain 3 
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Figure 10. Flame FH50 (continued) 14 

 15 

Moreover, the curvature for the reaction zone can be calculated using the following formula 16 

[39]: 17 
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In this formula, x and y are cartesian coordinates, and s is the parameterised curve curvilinear 1 

coordinate. The reaction zone curves were parameterised with respect to the line segment length.  2 

Analysis of reaction zone curvature for the three flames is conducted by considering the probability 3 

density function (pdf) of the curvature conditioned over the entire OH-PLIF image downstream 4 

the quarl lip (Z from 0 to 70 mm). Shown in Fig. 11 are the curvature pdf distributions for flames, 5 

FH0, FH25, and FH50. The plots show a unique peak centered on zero curvature with two 6 

symmetrical tails for negative and positives curvatures. When the probability of larger absolute 7 

values of K increases, reaction zones with a small radius of curvature are more likely to be noticed. 8 

Although the three flames show a change of the reaction zones spatial location downstream the 9 

quarl, the flame curvatures show a marginally wider spread with increasing the H2% as indicated 10 

by the small decrease in the pdf peaks and the small increase in the curvature variance. The local 11 

curvature pdfs for the three flames show zero mean curvature and are symmetrical about 0 mm-1 12 

(near-Gaussian distribution). The same findings of near-zero and zero mean of flame curvatures 13 

have been reported in radial propagating methane flames [40], and in stratified swirling flames 14 

[41], respectively. However, positive mean values of local flame curvature have also been reported 15 

in premixed CH4/H2 swirling flames [18]. In this work, the flame curvature showed increased 16 

wrinkling of the flame front at higher additions of H2.   17 

 18 
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Figure 11. Pdf of the flame curvature for flames FH0, FH25, and FH50 conditioned on 70 mm 8 
downstream the conical quarl.  9 

 10 

 11 

4. Conclusions 12 

Experiments were conducted in a non-premixed swirl - quarl stabilised flames to investigate 13 

the flame-flow field interaction resulting from swirling air surrounding a central methane jet with 14 

different H2 content. The three flames investigated here deferred only in the mole fraction of H2 in 15 

the central methane jet. Thus for the same central jet momentum surrounded by the same swirling 16 

air intensity, the contribution of H2 in the fuel jet momentum is varied by 0, 25 and 50%. In the 17 

three flames, simultaneous measurements of OH-PLIF and stereoscopic particle image 18 

velocimetry (PIV) were acquired at repetition rates of 5 kHz. This work aims to fill the gap between 19 

the H2-enriched premixed swirling flame and the non-premixed swirling flames by providing 20 

details on the flame-flow field interaction.  Only the OH-PLIF imaging is reported inside the quarl, 21 

while the time sequence of the PIV/OH-PLIF measurements was investigated for the region 22 

downstream the quarl. The primary outcomes of the present investigation are as follows: 23 
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1. Regardless of the H2% in the fuel jet, the three flames show a similarly thin OH layer inside 1 

the quarl. A large-scale recirculation zone is seen to penetrate into the quarl, allowing the 2 

convective transport of fuel upstream of the air tube, forming a much earlier mixing of the fuel 3 

and air inside the quarl. Thus, the OH layers in the three flames do not start from the fuel tube 4 

tip; instead, they are shifted radially outward from the fuel tube tip. 5 

2. In the three flames, the time-averaged streamlines downstream of the quarl show a conical 6 

swirling jet surrounding an inner recirculation zone, IRZ. Increasing the H2% in the fuel jet 7 

leads to a longer and stronger but narrower IRZ, and a more robust swirling flame at the high 8 

H2 content jet than those in pure methane flame. The H2-enrichment of the fuel jets leads to 9 

the thermal expansion of the flame and hence higher jet velocity at the quarl exit.   10 

3. The velocity fluctuations show three peaks, two of them corresponding to the shear layers of 11 

the swirling jet and the third associated with the central jet penetrating the IRZ. The higher the 12 

H2% content in the fuel jet, the more the velocity fluctuations are dampened, suggesting that 13 

lower H2% content leads to more unsteady heat release.  14 

4. Downstream of the quarl, for high H2 content flame, the average OH peak signal is sustained 15 

in the high-velocity region of the inlet jet compared with the pure methane flame, indicating 16 

an increase in the flame stability with the H2 addition.   17 

5. All three of the flames' instantaneous flow fields show dramatically different features than 18 

those of the mean flow field. It displays a significant temporal variation, multiple small-scale 19 

vertical structures along with the ISL and the early central area of the flame.  20 

6. From the time sequence, it is clear that the reaction zone for the pure methane fuel jet resides 21 

mainly in the regions of low-axial velocity fluid (around the central region). The axial position 22 

of the reaction zone fluctuates with the high amplitude axial velocity fluctuations while 23 
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residing in locally low-speed regions of flows and occasionally conforms to the passage of 1 

large scale vortex structures. In addition, the reaction zone is seen to persist in low strain rate 2 

areas while following the minimum strain passages around the periphery of small vortices. 3 

7. In contrast, the H2-enriched flames are more robust, and the reaction zone is sustained for 4 

longer distances in the vicinity of high swirling jet velocity, with less sensitivity to axial 5 

velocity fluctuations. The high vorticity regions are broader, longer, and shifted towards the 6 

quarl in conjunction with the swirling jet flow, where the reaction zone is located.  7 

8. The reaction zone downstream of the quarl steadily resides between the inner and outer shear 8 

layer vortices with increasing H2 fraction in the fuel. For the high H2 flames, the reaction zone 9 

is located between the jet shear layers vortices. The inner shear layer vortices are likely to 10 

convect the burned mixture towards the incoming fresh mixture and enhance the flame 11 

stabilisation.  On the contrary, for neat CH4 flame, the inner shear layer vortices intermittently 12 

convect new cold reactants towards the reaction zone, leading to the extinction of the flame 13 

root and hence less flame stability. 14 

9. Despite the H2 content in the central fuel jets altering the spatial location of the reaction zone, 15 

the pdf of flame curvature shows only a marginally wider spread with increasing H2 content.   16 

These demonstrated differences in the flame structure will affect critical combustion 17 

characteristics such as pattern factor and flame heat transfer in practical combustion systems. 18 

Therefore this knowledge is a significant first step for the transition to H2 fueling combustor 19 

technology.  20 
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