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A B S T R A C T

This study discusses fundamental turbulence-chemistry interactions in a canonical non-premixed bluff body
burner fueled with 100% methane or hydrogen. Simultaneous time-resolved PIV&OH-PLIF and 1D Spontaneous
Raman Scattering (SRS) have been employed to provide deeper insights into the difference in combustion re-
gimes between CH4 and H2 operations. The analysis of the instantaneous time-resolved PIV and OH-PLIF datasets
reveals the presence and absence of local extinctions in methane and hydrogen flames despite the mean flow
topology being similar across the test cases. The instantaneous scatter plots of 1D Raman data in the mixture
fraction space further quantified the spatial evolution of temperature and major species. Finally, the regime
identification scheme is implemented over instantaneous 1D SRS data to identify the different flame/mixture
regimes. The change in combustion regime is observed even very close to the burner exit while switching be-
tween CH4 and H2, which is attributed to the probability of localized flame extinctions. Overall, this study
provides detailed interlinks between flow field aerodynamics and scalar structures in the two different flames
whose thermo physical properties are entirely different and form a comprehensive database for cornerstone
computational model validation.

1. Introduction

Hydrogen combustion is crucial in decarbonizing energy-intensive
industries (e.g., brick, steel manufacturing)[1]. Industries are targeting
progressively increasing the hydrogen blend in the current natural
gas-fired burners. Although hydrogen (H2) is a promising fuel for
decarbonization, the differences in the fundamental parameters like
flame speed and extinction strain rate cause technological challenges in
operating the burner at high hydrogen enrichment levels [2].

Bluff body stabilized non–premixed burners are widely used in
energy-intensive industrial applications. Most of the available literature
on H2 addition in bluff body stabilized non–premixed burners is focused
on the design optimization and characterization of NOx emissions.
Moreover, only a few studies reported the operating characteristics of a
burner at 100% H2. The bluff body burner’s complex flow structures (e.

g., recirculation zone) mandate a detailed fundamental understanding of
turbulence-chemistry interactions. To bridge this gap, we have con-
ducted an experimental investigation on a canonical non-premixed bluff
body burner operated with 100% CH4 and 100% H2. High-fidelity laser-
based diagnostic measurements (1. Simultaneous time-resolved PIV &
OH-PLIF 2. Spontaneous Raman Scattering) are implemented to unravel
the fundamental turbulence-chemistry interactions and their changes
from CH4 to H2 use.

2. Experimental setup

A canonical non-premixed bluff body burner is used in this study.
The schematic of the burner is shown in Fig. 1. Fuel is injected through
the central hole with a diameter (Df) of 6 mm, and the annular passage
(Db = 24 mm, Da = 26 mm) is used for the air stream. A fuel injection
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pipe’s thickness (tb = 9 mm) acts as a cylindrical bluff body, creating a
recirculation zone just above the burner exit. Mass flow controllers
(Bronkhorst) are used to control both air and fuel flow rates. Two test
cases are considered, one with 100 %methane and the other with 100 %
hydrogen. The operating conditions are listed in Table 1. In both the test
cases, the thermal power and annular air flow rate have been main-
tained constant, allowing us to compare the flow-flame interactions
under relatively similar aerodynamics.

3. Laser Diagnostic Techniques

3.1. PIV and OH–PLIF measurements

The velocity field and OH fluorescence have been measured simul-
taneously using time-resolved PIV&OH-PLIF systems at 5 kHz. For each
test case, 10000 images are acquired, corresponding to the acquisition
time of 2 seconds. The integral time scale calculated from the instan-
taneous velocity field (particularly in the region where RMS is highly
pronounced) is approximately 5 – 10 ms. Hence, the chosen acquisition
time of 2 seconds is sufficient. Moreover, as confirmed by the proper
orthogonal decomposition (POD) and 1D continuous wavelet transform
(1D-CWT) analysis shown in our previous work [3], the most dominant
frequencies are in the range of 10 - 400 Hz; hence, the chosen sampling
rate of 5 kHz is well enough to resolve the fluctuations in the flow.

The details concerning the hardware (e.g., laser, camera, spectral
filters) and PIV post-processing can be found in [3].

3.2. 1D Spontaneous Raman Scattering (SRS)

The schematic of the in-house developed SRS system is presented in
Fig. 2. A second harmonic of the Nd: YAG laser with a 10 Hz repetition
rate is utilized. The laser power is ~1.8 J/pulse (pulse duration – 1000
ns) at 532 nm. A half-wave plate is used at the laser exit to optimize the
Raman scattering in the collection direction. The laser is focused on the
probe volume using a spherical lens (L1) with a focal length (f) of 1000
mm. An achromatic lens (L2; f=150 mm) is employed in the orthogonal
direction to collect the Raman signal. A second achromatic lens (L3) is
used to focus the signal onto a 400 µm slit (S), which acts as the spatial
filter to cut down the excessive flame emissions. Following the slit,
another spherical lens (L4; f=200 mm) is used to collimate the collected
signal, sending it through an electro-optical shutter (EOS). The EOS

consists of a vertical polarizer, a Pockels cell, and a horizontal polarizer.
It is used to transmit the Raman signal during a short duration syn-
chronously to the laser pulse (1 µs), thereby limiting the CCD exposure
to flame emission during the readout time. After the EOS, the Raman
scattering signal is focused on the spectrometer’s entrance using a
spherical lens (L5; f=300 mm). A notch filter (532 nm) is placed before
L5.

The spectrometer (Princeton Instruments, IsoPlane SCT 320) is
coupled with an eMCCD camera (PIXIS 400). The eMCCD resolution is
1340 pixels in the horizontal direction and is dedicated to capturing
spectral information from 567 nm to 694 nm. The 400 pixels are divided
into eight regions of interest (ROIs) in the vertical direction, yielding a
probe length (L) of 3.44 mm. However, only the six central ROIs are used
due to lower signal in the edge ROIs, resulting in an effective total probe
length of 2.58 mm. The effective spatial resolution is approximately 430
µm for each ROI.

The selected spectral range from 567 nm to 694 nm can capture
Raman shifts of O2, N2, CH4, H2, CO, CO2, and H2O simultaneously when
excited using 532 nm. The burner is mounted on a motorized bench and
moved in 2 mm steps, covering x = -6 mm to 30 mm in the radial di-
rection. At each traverse location, 1000 instantaneous shots are recor-
ded. Furthermore, measurements are carried out at six (y= 5, 10, 20, 35,
45, 60 mm) axial heights above the burner (HAB).

An in-house Raman post-processing tool [4] adapting the ‘spectral
fitting’ method is employed. Unlike traditional approaches (e.g., cali-
bration methods), the spectral fitting process can be directly applied to
the normalized spectra, enabling the computation of absolute temper-
ature without calibration. More details on the working, accuracy, and
precision of the Raman post-processing tool have been included in the
supplementary material.

4. Overall flow and flame structures

4.1. Mean flow field

The time-averaged and RMS profiles of the two test cases are shown
in Fig. 3. The flow field features three distinct zones, namely, Recircu-
lation Zone (RZ), Neck Zone (NZ), and Jet-like flame zone (JZ). The
presence of RZ leads to two inner shear layers (ISL1, ISL2) in the flow
field. As the annular air flow converges towards the central fuel jet in the
neck zone (NZ), causing the merging of ISL1 with ISL2, the flow behaves
as simple coaxial jet flows above the RZ. It is interesting to note that,
despite a significant rise in the central fuel jet velocity

(
Uf
)
from 12 m/s

to 35 m/s (marked with a blue dashed rectangle) between CH4 and H2
cases, the global topology of the mean flow field is relatively similar
across both test cases. The hydrogen density is much lower than the
methane, which keeps the momentum ratio (MR) relatively the same
between CH4 and H2 (Table 1). This feature eventually leads to a similar
mean flow topology for CH4 and H2. However, both Vrms and Urms,
profiles showed a substantial difference between CH4 and H2. For the
CH4 case, the RMS is more pronounced in the neck zone (NZ) due to the
strong interaction between the central fuel and the annular air jet.

On the other hand, both Vrms and Urms show strong fluctuations in the
central fuel jet region for the H2. In line with the observations of [6,7],
the reduction in the central fuel jet Reynolds number

(
Refuel

)
due to the

low density associated with the H2 case, which causes the jet to become
globally unstable and exhibit intermittent oscillations. We recommend
the readers see videoS1 in the supplementary file to visualize this
phenomenon.

4.2. Mean OH, Temperature, and Mixture Fraction Profiles

The superimposed mean flow field and OH contours (Fig. 4 a) from
combined PIV & OH-PLIF and the radial profiles of mean temperature
(T) and mixture fraction (ξ) (Fig. 4b) obtained from SRS measurements

Fig. 1. Configuration of the canonical non-premixed bluff-body burner [3].

Table 1
Operating conditions

Fuel Refuel Reair Power (kW)
MR =

(
ρairU2

air
ρfU2

f

)

CH4 4370 10575 16.8 0.25
H2 2250 10575 16.8 0.21

K. Rajamanickam et al.
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across the different axial heights above the burner are compared for CH4
and H2. Mixture fraction (ξ) is calculated based on the major species
concentration using Bilger’s formulation (Equation 1).

Where ’Y’ represents elemental mass fractions of Carbon (C), Oxygen
(O), and Hydrogen (H); ’W’ represents atomic weights. The subscripts F
and Ox denote fuel and oxidizer streams, respectively. Despite similar
mean flow topology, the mean OH intensity profiles of CH4 and H2 are
considerably different (Fig. 4a). In the case of methane, the OH intensity
is predominantly found only in the RZ. In contrast, OH intensity is
distributed across all the zones for H2. The mean temperature profiles
from SRS measurements further confirm this observation. For instance,
at y= 45, 60 mm, the peak value of Tmean for CH4 is much lower than the
H2 case (Fig. 4b pointed with black arrows).

Furthermore, despite the PLIF image showing the significant pres-
ence of OH within the RZ in both cases, the SRS measurements show a
lower Tmean for CH4 than H2 (see Fig. 4b; Y = 10 mm, 20 mm). The
physical mechanisms concerning differences in the mean OH and tem-
perature profile between the H2 and CH4 flames across the different
HABs will be explained in upcoming sections.

ξ =

2(Yc − Yc,Ox)
Wc

+
(YH − YH,Ox)

2WH
−
(YO − YO,Ox)

WO

2(Yc,F − Yc,Ox)
Wc

+
(YH,F − YH,Ox)

2WH
−
(YO,F − YO,Ox)

WO

(1)

The mean mixture fraction (ξmean) profile (Fig. 4b) at the fuel jet
location (-6< x< 6 mm) is nearly identical for both the test cases till the
axial locations of Y≤ 20mm. Moreover, the value of ξmean = 1 within the
central fuel jet region, indicating the potential core and ξrms is mainly
aligned with the fuel jet’s shear layer (i.e., ISL 2). However, in the RZ (6

< x <20mm), CH4 shows slightly higher values than H2 (reasons
explained in later sections). At higher axial locations (i.e., y≥ 35 mm), a
reduction in the peak value and width of the ξmean profile is noticed for
H2 (marked with green arrows in Fig. 4b). This is attributed to the higher
probability of flame presence in the case of H2, as confirmed by the mean
OH intensity and Tmean (Fig. 4a, b; H2). Moreover, the intermittency
observed in the H2 fuel jet further led to an increase in the ξrms (solid
black line on Fig. 4b; y > 35 mm). This trend is matching well with the
VRMS, URMS contours of H2 shown in Fig. 3 (bottom row).

5. Insights from simultaneous time-resolved PIV & OH-PLIF

The previous section highlighted the difference in the mean flame
structures between CH4 and H2. The instantaneous data sets are pre-
sented in this section to provide further insights. Fig. 5 illustrates the
superimposed strain field

(
κhyd

)
and flame contours obtained from

simultaneous time-resolved PIV, OH-PLIF. In the chosen canonical
burner configuration, it is known from previous studies[8,9] that hy-
drocarbon flame (e.g., CH4 flame) undergoes local extinction in NZ. This
is because, in the NZ, the flame strongly interacts with flow-induced
strain

(
κhyd

)
in the central fuel jet, whose values are often much

higher than the flame extinction strain rate (κext), leading to the local
extinction of the flame fronts. A similar phenomenon is observed in the
test case of CH4 (Fig. 5). For instance, at t = 0 ms, flame interacts with
the strong strain field in the central fuel jet and eventually undergoes
local extinction at t = 0.2 ms. Subsequently, as shown in the t = 0.8, 1.2
ms, the upper branch convected downstream by shedding vortices in
OSL, leading to the failure of reconnection with the lower branch (also

Fig. 2. Schematic of Spontaneous Raman Scattering (SRS) setup
(L1 = 1000 mm; L2 = 150 mm; L3 =300 mm; L4=200 mm; L5-300 mm; S-slit; NF-Notch Filter; M-Mirror) [5].

Fig. 3. Time-averaged flow field and Vrms, Urms contours; [RZ, NZ, JZ – Recirculation, Neck, Jet Zones].

K. Rajamanickam et al.
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see video S3). As a result, the lower branch stabilized in the RZ acts as a
pilot in the reignition of the fresh reactants, thereby establishing the
stable flame. As highlighted in our previous study [3], the time delay
between the reignition and re-establishment of stable flame is quite long
for the CH4 case, resulting in the flame’s presence predominantly in the
RZ. This is why the mean OH structure appeared mainly within RZ for
the CH4 flame (Fig. 4a) and also a drastic reduction in mean temperature
(Tmean) above the RZ (i.e., y ≥ 35 mm in Fig. 4b; CH4). Furthermore,
flame exhibits intermittent lift-off inside the RZ, following the local
extinctions (see Video S5), which eventually led to a decrease in Tmean at
Y = 5, 10, 20 mm (Fig. 4b; CH4).

On the other hand, local extinction is not witnessed with H2 despite
strong flame front interaction with the larger strain magnitude value in
the central fuel jet (see video S4). This is due to the significant rise in the
flame extinction strain rate (κext) in the pure hydrogen flames. The
absence of local extinction led to the higher OH intensity distribution
across all three zones (RZ, NZ, JZ-Fig. 4a; H2) and, subsequently, higher
Tmean in the downstream locations (i.e., y ≥ 35 mm in b; H2).

6. Instantaneous scatter plots

Fig. 6 compares the instantaneous temperature (T) and O2 mass
fraction (YO2) scatter plots in mixture fraction space. For brevity, only
two axial heights representing the near (y = 5mm) and far (y = 60 mm)
fields are shown.

The solid blue line on the temperature scatter plots indicates the
stoichiometric mixture fraction (ξst) value, and the data points are color-
coded based on the radial locations. At y = 5mm, the presence of RZ
leads to high-temperature data points distributed over the broader radial
region of x= 6 – 24 mm (see green, black, and red color dots on T scatter
plots at y = 5mm). Interestingly, for methane, at y = 5mm, the tem-
perature samples are dispersed between 500 K and 2000 K in the x = 18
– 24 mm region (Fig. 6; red color dots on CH4; y= 5mm plot) despite the
flame being predominantly located in this region as conformed from the
mean OH image (Fig. 4a). As shown in video S5, the CH4 flame exhibits
intermittent lift-off at y = 5 mm, resulting in temperature distribution
between higher and lower values. The increase in O2 mass fraction
(Fig. 6; see YO2 in CH4; y = 5mm) at this location confirms the presence
of an unburnt mixture. Additionally, the intermittent lift-off leads to an
increase in ξmean, TRMS at y= 5mm for the case of CH4 (Fig. 4b; y= 5mm).

Next, at y = 60 mm, the temperature scatter plot of the CH4 flame
reveals a lot of samples featuring low-temperature values near the
stoichiometric mixture fraction, confirming the least probability of
flame presence due to failure of reconnection of broken flame branches
[3]. On the other hand, the absence of local extinctions in the H2 flames
causes the samples to stay at a high temperature. Furthermore, at this
height, the flame is located near the central fuel jet region; therefore, the
high-temperature samples are observed at x = 6 – 12 mm (see green
color; y = 60 mm; H2). Overall, Fig. 6 clearly delineates different re-
gimes, for example, a broader scatterplot at high temperatures (see
temperature scatter plot of CH4 case at y = 5 mm) showing diffusion
flame with oxygen mixing to the stoichiometric composition, premixed
regime and non-reactive mixture due to local extinction (especially in
the methane case; see y = 60 mm; CH4). These different regimes appear
within the mixture fraction frame. The following section explains how to

Fig. 4. (a) Illustration of the superimposed mean flow field and OH profile; (b) Radial profiles of time-averaged mixture fraction (ξ) and temperature (T) (the circle
and the dashed line denote mean, RMS quantities).

Fig. 5. Instantaneous strain field and OH-PLIF contours

K. Rajamanickam et al.
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identify these regimes across the flame.

7. Flame/mixture regimes

To map the different flame/mixture regimes, we first identified the
nature of the fuel and oxidizer mixing (e.g., diffusion, premixed) at each
radial location based on the criteria proposed by Takneno [10].

FR =
∇YF.∇Yox

|∇YF.∇Yox|
(2)

Then, the identified state of the mixture is further classified into lean
and rich by comparing the difference between local and stoichiometric
mixture fractions. This approach slightly differs from the modified flame
index proposed by [11], which is applied only in the active flame re-
gions. However, our interest is in the spatial mapping of the premixed,
fuel, and air-side diffusion flame/mixture regimes. Therefore, we have
applied regime identification across all the radial positions to determine
the regime of possible combustion. The gradient-based approach is
chosen instead of gradient-free methods [12,13], as the former involves
a less complicated computational procedure.

The classification of different flame regimes is illustrated in Fig. 7.
First, the gradients of fuel and oxidizer are estimated from instantaneous
Raman data. For example, Fig. 7 shows the fuel and oxidizer gradients
computed at y = 5 mm in the H2 case. In the second step, the threshold
value of 600 K is applied to mask the no-flame (NF) region, as marked
with yellow and blue boxes (Fig. 7), usually located in the fuel (NFF) and
annular air jet (NFA) region. Next, the region where the two gradients
are weak is tagged as the lean or rich premixed regime (see LPR/RPR in
Fig. 7). RZ generally exhibits such behavior where the fuel and oxidizer
gradients are weak. Here, the difference in local (ξ) and stoichiometric
(ξst) mixture fraction values determine lean (LPR-cyan color) or rich
premixed (RPR-black color) regimes. Finally, the region where one

gradient is very strong and the other is weak represents diffusion flame
(DF)/mixture. The DF is classified into fuel (RDF) and air (LDF) sides
based on the relative difference between ξ and ξst . Interestingly, RDF is
identified in some instances even on the air side; hence, RDF is further
classified into RDF1 and RDF2, representing the air and fuel sides.

It should be noted that smoothening has been applied to the
computed gradients to remove the outliers before implementing the
above-described regime identification algorithm. Such smoothening
does not influence the results, as we are not interested in the absolute
value of the gradients. Fig. 8 represents normalized counts of different
regimes obtained at each radial location.

7.1. Recirculation zone (0 < y < 35 mm)

Interestingly, in the CH4 case, at ISL1 (see the red dashed box in
Fig. 8; y = 5 mm; CH4), the dominance of the RDF1 regime is witnessed
despite the flame being located at the air side. This is attributed to the
intermittent lift-off (video S5) leading to the accumulation of an unburnt
mixture and, thereby, a rich diffusion mixture regime. On the other
hand, the absence of lift-off in the H2 resulted in the dominance of LDF.
Next, in both the CH4 and H2 cases, the RZ (~ x = 10 -22 mm; marked
with a blue color box in Fig. 8) exhibits rich premixed (RPR) behavior;
the mechanisms causing this will be explained later in this section. As
shown in the instantaneous OH-PLIF image (see the green color box in
Fig. 9; CH4), a small pilot flame is witnessed at ISL2 in the case of CH4,
whereas no such flame is seen in H2. On the contrary, the RDF1 (pink
color bars marked with green dashed box; Fig. 8; y = 5 mm) is identified
in the region close to the central fuel jet (i.e., ISL2) in both cases.

This can be explained as follows: local extinctions observed in the
CH4 flame causes the O2 to reach ISL2 from ISL1 (see pink arrows in
Fig. 9a; CH4), establishing the pilot flame (marked with a green box).
However, for the H2 case, the active flame presence (Fig. 9b; H2) rela-
tively consumed all available O2 at ISL1, leading to no pilot flame at
ISL2. Henceforth, the obtained RDF1 represents the actual flame in CH4,
whereas, for H2, it just means a high-temperature region without the
flame being active. Therefore, as explained in Section 7, the DF doesn’t
necessarily mean the physical presence of actual diffusion flame; rather,
it represents the mixture that potentially favors the diffusion flame in
that region.

Despite fresh air entering the RZ following the local extinction, the
RZ of CH4 exhibits RPR instead of LPR behavior because of the unburnt
mixture induced by intermittent flame lift-off. However, in the H2 case,
the active flame at ISL1 limits the oxygen’s presence inside the RZ,
leading to RPR. Hence, the mechanism that governs the formation of
RPR inside RZ between CH4 and H2 are entirely different. The results
obtained at y= 10, 20 mm show relatively similar behavior to y= 5mm,

Fig. 6. Instantaneous scatter plots of temperature (T) and oxygen mass fraction (YO2) in mixture fraction space

Fig. 7. Steps involved in flame regime identification.

K. Rajamanickam et al.
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except inside the RZ, the combination of LPR and RPR is witnessed
(regime plots not shown here) because of the more annular air entering
the neck zone.

7.2. Neck and Jet Zones (y> 35 mm)

Interestingly, the premixed regime (see LPR in y >35 mm; Fig. 8;
CH4, H2) remains beyond RZ. As shown in Fig. 9c (yellow dashed box),
coherent shedding vortices in this region induce a premixed regime in
the OSL. This region is dominated by annular air, leading to the LPR
regime. The change in the flame location from ISL1 to ISL2 leads to the
inward radial shift in the RDF1, RDF2, and LDF flame regimes. As in the
neck and jet zones, the probability of active flame for CH4 is very low
due to local extinction, which leads to a progressive increase in the
distribution of no flame region (NFA) with increasing axial heights. It is
worth mentioning that, unlike near field (i.e., RZ), the RDF2 in H2 at
these axial heights represents actual flame, as evidenced by Fig. 9b (H2).
Noticeably, the RDF1 and LDF flame regimes are again shifted radially
outward for H2 at y =60 mm. The radial flame flapping (see video S2)
triggered by intermittently oscillating central fuel jet induces this
phenomenon.

Furthermore, it is worth noting that in the far field, several com-
bustion regimes coexist at a particular radial location, for example, at y
= 60 mm; x = 10 -16 mm (see purple dotted box in H2; y =60 mm), the
flame intermittently switches between the lean premixed (LP), air (LDF)
and fuel side (RDF1, RDF2) regimes. Strong flame flapping (Video S2)
and large-scale shedding vortices (Fig. 9c) in the OSL led to multiple
combustion regimes.

8. Conclusion

Simultaneous time-resolved PIV&OH-PLIF and 1D SRS measure-
ments have been implemented in the canonical non-premixed bluff body
burner operated with 100% methane or 100% hydrogen. The thermal
output of the burner and annular air flow rate is maintained constant
across the test cases to keep the near-field aerodynamics relatively the
same. Despite the similar mean flow topology, OH-PLIF results reveal
the change in mean flame structure attributed to the presence and
absence of localized flame extinctions in CH4 and H2 flames. The 1D SRS
results examined in mixture fraction space further confirmed this
observation. A modified flame index approach is used to identify the
different flame regimes from SRS data, linking their evolution with
varying flame conditions. The change in fuel highlights the switching of
combustion mode even very close to the burner exit. For instance, the
intermittent flame lift-off close to the burner exit (y=5mm) of the CH4
flame causes the dominance of rich diffusion flame. At the same loca-
tion, it is transitioned to a lean diffusion flame regime in the H2 case.
This study provides detailed interlinks between flow-turbulence inter-
action concerning pure methane and hydrogen flames and forms a
comprehensive database for cornerstone computational model
validation.

Novelty and significance statement

This work provides detailed novel insights into the turbulence-
chemistry interactions in switching between the 100% methane and
100% hydrogen flames at constant thermal power. Tests have been
carried out in a canonical configuration of a non-premixed bluff body
burner mimicking the geometry typically used in energy-intensive in-
dustries (e.g., brick and steel manufacturing and utility boilers). High-
fidelity laser diagnostic tools (1D Spontaneous Raman scattering and
simultaneous time-resolved PIV, OH-PLIF) have been employed to pro-
vide a detailed database including temperature, major species concen-
trations and their gradients, high-speed simultaneous velocity and burnt
gas fields. The combined diagnostics revealed detailed interlinks be-
tween flow field aerodynamics and scalar structures in flames generated
from the fuels (CH4 and H2) whose thermo physical properties are
entirely different. Furthermore, the dataset on 100% hydrogen turbulent
flame in the canonical burner configuration associated with the CH4
ones will create significance in the computational model validation.

Fig. 8. Normalized counts of flame regime maps across different radial and axial locations.

Fig. 9. a,b Instantaneous snapshots of the superimposed flow field and raw OH
contours; c – superimposed PIV and OH-PLIF raw images
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