NH;/H./N,/air flames D, E and F stabilized over the
Sydney piloted burner.

Authors: Gaetano Magnotti?, Hao Tang’ and Robert Barlow*

a]NSA-Rouen Normandie/CORIA, Saint’Etienne du Rouvray, France,
Mgaetano.magnotti@coria.fr

bUniversity of Ottawa, Ottawa, Canada, Mhtang2@uottawa.ca

cBarlow combustion research, Livermore, CA, USA, & robertbarlow.ber@gmail.com

Acknowledgements:
The measurements were performed at KAUST, in the Clean Combustion Research
Center. The burner was provided by Prof. Assaad Masri from The University of Sydney.

When using the dataset please cite:

Tang H, Al Hadi Z, Barlow R, Magnotti G. “Turbulence-chemistry interactions in
piloted partially premixed cracked ammonia-air flames with high Reynolds numbers”.
Combust Flame 2025;279:114303.
https://doi.org/10.1016/J.COMBUSTFLAME.2025.114303

Tang H, Barlow R, Magnotti G. Local extinction in piloted turbulent partially premixed
ammonia/hydrogen/nitrogen-air jet flames. Proceedings of the Combustion Institute
2024;40:105472. https://doi.org/10.1016/J.PROCI.2024.105472

Introduction

Ammonia is a promising carbon-free e-fuel for power generation and marine
transportation [1]. Compared to hydrogen (H2), ammonia offers significant advantages
as a hydrogen carrier due to its well-established storage and transport infrastructure,
which leverages existing supply chains developed for fertilizers. However, several critical
challenges hinder the widespread adoption of ammonia-based combustion systems,
including poor flame stability, high emissions of nitrogen oxides (NOx) and nitrous
oxide (N20), as well as unburned fuel slip of NH3s and H2. One promising strategy to
address these challenges is the partial cracking of ammonia, which produces NH3s/H2/N2
mixtures, leading to improved flame speed and stability. Since turbulence plays a crucial
role in practical combustion systems, an in-depth understanding of turbulence-chemistry
interactions (TCI) in NHs/H2/N2 flames is essential. Such knowledge is fundamental for
developing and validating predictive numerical models of turbulent ammonia
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combustion, which, in turn, are vital for designing next-generation ammonia-
based combustors.

The Sydney piloted flames D-E-F, were extensively used to validate numerical models of
methane[2,3], and more recently DME combustion[4]. This study extends the approach
to partially cracked ammonia combustion, by investigating three piloted NH3/H2/N2-air
turbulent flames for varying Reynolds numbers[5,6]. As the Reynolds number
approaches the blow-off value, localized extinction events become more frequent,
providing detailed data to investigated turbulence-chemistry interaction.

The detailed thermochemical structure of the flames is resolved using a combination of
1D Raman/Rayleigh scattering and OH/NHz2 laser-induced fluorescence (LIF), capturing
key species (NH3, H2, O2, N2, H20, OH, NH2), mixture fraction, NH3/Hz2 ratios, and
temperature distributions|7,8]. These measurements are used to analyze flame structure
in mixture fraction and temperature space as well as physical space. Probability density
functions (PDFs) provide insights on local extinction behaviour, while conditional means
of the NH3/Hz2 ratio yield insights on differential diffusion.

Experimental set-up

In this study we use a modified pilot-assisted jet burner, adapted from the Sydney
inhomogeneous jet burner [9]. The schematic of the burner setup is shown in Fig. 1. The
fuel pipe has an inner diameter of 7.5 mm (D = 7.5 mm), encircled by an annular
pilot region with an inner diameter of 18 mm. The pilot tube has a length of 400
mm and is surrounded by a 250-mm diameter coflow, which provides a steady
stream of air at a velocity of 0.80 m/s. Relevant wall thickness are provided in Table
1. The entire burner assembly is mounted on a three-axis translation stage, enabling
precise positioning and probing of various flame regions for detailed measurements.
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Figure 1: Schematic of the piloted jet burner

The temperature of the coflow air is 296.6 K. The temperature of the
fuel/air mixture is 293.5 K.
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Table 1: Geometric characteristic of the burner

Burner Inner Wall thickness
dimensions diameter

Inner (fuel) pipe 7.5 mm 0.25 mm

Outer (pilot) pipe 18 mm 0.2

Coflow Assembly 250 mm 0.2031

Flame series

Figure 2 Long exposure (1/80 ISO 1000) and short exposure (1/2000, ISO 10000) pictures of
the 3 flames



Figure 2 shows long and short exposure pictures of the 3 flames investigated. The flame
series consists of three flames indicates with D, E, F. The 3 flames have the same
composition of the central jet mixture and varying jet velocities. The Reynolds numbers
are 24,000, 32,000 and 36,000 for flames D, E and F respectively, corresponding to
59%, 79% and 89% of the measured blow-off velocity. The central jet composition is
shown in Table 2. Note that the composition was intended to simulated 43% cracked
ammonia, (40% NH3, 45% H2 and 15% N2 by volume) with an equivalence ratio ¢ = 3.
The ammonia cracking ratio was selected because it matches the laminar flame speed
and flame thickness of methane over a wide range of equivalence ratios.[2] An error in
the ammonia flow-meter led to a composition different than the desired nominal value.
Detailed discussion of this issue is provided in the appendix. We recommend using
the composition listed in Table 2 for comparison with numerical
stimulations.

Table 2: Bulk velocities, Reynolds number and mole fractions for the central fuel/air
jet to use in the simulations

61.07 m/s 24000 0.096 0.4456 0.2031 0.2553
E 81.42m/s 32000 0.096 0.4456 0.2031 0.2553
F 91.6 m/s 36000 0.096 0.4456 0.2031 0.2553

The flowrates and power of the pilot (520 W) are kept constant to minimize
uncertainties in the pilot composition and to reduce the Re difference between a fully-
connected flame and blowoff, so one can start at a respectable Re and avoid very high
flows and thermal loads when pushing closer to extinction. The same strategy was
previously used in the Sydney inhomogeneous burner series.

The nominal flowrates for the pilot are summarized in Table 3.

Table 3: Pilot nominal flow rates

NH3:H2:N2 40:45:15 1.03m/s 0.9 1.33:1.5:0.5,air9.26 520 W



Table 4 shows measurements at the peak-temperature location for a case with air in the
main jet, and only the pilot ignited.

Table 4: Pilot composition and temperature. Adiabatic calculations, and measured
values at peak temperature for Z/D=1

Adiabatic 2047 0.016 0.698 0.285 0.0026

Measured 1960 0.0155 0.6955 0.292 0.0023

Diagnostics, and measurements uncertainty

The thermochemical state was measured using simultaneous 1D Raman/Rayleigh/OH-
LIF diagnostics, following the methodologies described in Refs. [5,6,8]. In addition,
fluorescence interference signals were used to provide a semi-quantitative measure of
NH2, as discussed in Ref. [7]. Evaluation of the Raman/Rayleigh signals employed a
hybrid matrix inversion approach [10]. The OH-LIF measurements were conducted in
the partially saturated regime, and collisional quenching corrections were neglected.

The accuracy and precision of the diagnostic system were assessed using a series of
laminar counterflow jet flames with varying NHs/Hz2 ratios and strain rates, following
the procedures outlined in [7,8]. Measurement accuracy was quantified by comparison
with laminar flame simulations computed using the OPPDIFF solver in CHEMKIN
PRO, coupled with the Stagni ammonia oxidation mechanism [27]. Precision is reported
as one standard deviation of the measured quantities.

Overall instrument accuracy was determined to be 0.002 for major-species mole
fractions, 0.01 for mixture fraction, 45 K for temperature, and 200 ppm for OH mole
fraction. The corresponding measurement precision was 2.5% for mole fractions, 80 K
for temperature, 0.03 for mixture fraction, and 800 ppm for OH mole fraction. For
NHz2, only semi-quantitative measurements are reported in this study, with a standard
deviation below 50 ppm. As demonstrated in Ref. [7], the NH2 LIF signal was found to
scale proportionally with the NH2 concentration predicted by simulations over a wide
range of laminar flame conditions. Accordingly, relative NH2 concentrations were
inferred by normalizing the measured peak NH2 signal to the peak value predicted by
the Stagni mechanism[10]. This approach enables comparative analysis, with the caveat
that the absolute accuracy of NH2 depends on the underlying chemical kinetic model.
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Figure 3. Measured mean (blue) and scatter (black dot) and simulated (red) mole fraction and
temperature in a laminar NH3/H2/N2-air jet flame at Z/D=4. The simulation uses Stagni
model with multi-component (red solid) transport model. The green dashed lines show the
RMS values using the right axis. Reproduced from Ref. [5]

In addition, Figure 3 presents representative measured and simulated one-dimensional
scalar profiles for a NH3/H2/N2-air laminar jet flame at Z/D = 4, shown in mixture-
fraction space. These data illustrate both the measurement precision and typical
discrepancies relative to laminar flame simulations. The flame has the same fuel
composition as the turbulent flames reported in this dataset but operates at a lower
Reynolds number and without pilot flames. Table 5summarizes measurement accuracy
and precision at near-stoichiometric (§ = 0.44) and fuel-rich (§ = 0.70) conditions. At
near-stoichiometric mixture fraction in the laminar jet flame, excellent agreement is
observed between measurements and simulations, within 0.01 for major-species mole
fractions, 35 K for temperature, and 200 ppm for OH mole fraction. The corresponding
precision is 0.012 for mole fractions, 50 K for temperature, and 200 ppm for OH, with
approximately 20 ppm for NH2. Larger standard deviations are observed in the fuel-rich
region near the peak NH2 LIF signal (§ = 0.70), with precisions of approximately 0.02
for mole fractions, 80 K for temperature, 80 ppm for NH2, and 500 ppm for OH. These
increased uncertainties arise from fluorescence interference associated with strong NH2
LIF, which affects the Raman signal used for mole-fraction determination. The resulting
errors propagate into the single-shot mixture-fraction calculation, leading to increased
fluctuations in all scalar quantities at locations of peak fluorescence interference.
Additionally, OH mole fractions are higher in fuel-rich regions, resulting in an
overestimation of approximately 240 ppm, likely due to spectral crosstalk from NHz2
fluorescence.



Table 5: Accuracy and precision of the conditional mean in Bilger mixture fraction space for a
NH3/Hz2/N2—air laminar jet flame at Z/D = 4,

SCALAR ACCURACY PRECISION CONDITIONS
T 35K 50 K 2012 K,

XNz 0.009 0.012 0.696, 2012 K,
XH=20 0.005 0.011 0.272, 2012 K,
XOH*1E-6 200 ppm 600 ppm 7450 ppm, 2012 K|
XNH: *1E-6 - 20 ppm 2012 K,

XH= 0.016 0.009 0.120, 1533 K,
XnNH3 0.002 0.020 0.076, 1533 K,
Xo-= 0.010 0.015 0.019, 1533 K,
XNz 0.007 0.024 0.582, 1533 K,
XH=0 0.011 0.022 0.209, 1533 K,
T 50 K 8o K 1533 K,
XOH*1E-6 240 ppm 500 ppm 80 ppm, 1533 K,
XNH- *1E-6 - 80 ppm 1533 K,

Results available

For each flame we provided 4 spreadsheets, with experimental data at axial locations
z/D=1,2,4,6,10,15, 20 and 30 mm. Files with names “NH3 Piloted Flame D/E/F
radial’, contain the radial profiles of the mean, and rms for temperature and
mole/mass fraction of major species, OH, NH», and Bilger mixture fraction.

Files with names like “NH3 Piloted Flame D Favre radial’, contain Favre average of
the radial profiles for the same quantities. Favre averages are computed based on:

N
. D=1 XiPi
Favre —
Y pi

Where x; and p; are the instantaneous measurements of the scalar x and of the density.
The Favre RMS is computed as:

N ~ 1/2
;C‘ﬁ _ <Zi=1(xi - XFavre)2 pi>
Favre —
XY pi

Note that the Favre averaging is done “in time”, and in comparing with LES simulation,
make sure the same averaging is adopted. Raman signal is directly proportional to the
number density, therefore spatial averaging over the 100 micron volume is inherently
density weighted.



Files with names like “NH3 Piloted Flame D FBilger” provide for each axial location,
conditional mean and rms in Bilger mixture fraction space. Favre conditional average
and rms in Bilger mixture fraction space are provided in files with names like “NH3
Piloted Flame D Favre FBilger. Note that in the Favre averaging conditioned on
mixture fraction, the density weighting is applied only to the dependent variables
(temperature, species,...), and not on the Bilger mixture fraction. Movies of the 3 flames
are also included.

Available upon request are histograms of mixture fraction and single shot data.

Appendix: Discussion on mismatch between effective and intended composition.

For flame D,E and F, the fuel composition was intended to replicate a 43% cracking.
Unfortunately, an error in the calibration of the ammonia flowmeter caused a
systematically lower flowrate of ammonia (91.64% of the intended value). Table 6
compares the nominal composition, to the average of the centreline Raman
measurements for the 3 flames, taken at Z/D=1. Compared to the expected values, the
measurements show a lower NH3 mole fraction and higher mole fraction of all other
species, with discrepancies higher than 0.01 in mole fraction. By decreasing the
ammonia flow-rate to 91.64% of its original value, the error in mole fraction becomes
lower than 0.005 for all species. This result is further validated by measurements in a
non-reactive mixture of 80% N2 and 20% NH3. For this additional case, measurements
match the prediction when reducing the ammonia flow-rate to 91.64% of its original
value. I recommend using the measured composition for the simulation, as
reported in Table 2.

Table 6 Nominal and measured mole fractions of the central fuel/air mixture for flames D, E, F.

0.0953 0.0960 0.0007 0.097 0.001

N2 0.4415 0.4456 0.0041 0.449 0.0034

NH3 0.2179 0.2031 0.0148 0.2031 O



H2 0.245 0.2553 0.0103 0.2507  -0.0046

The reduced ammonia flow-rate is accounted for in the effective bulk velocities reported
in Table 2., Table 7 compares the effective bulk velocity to the nominal values. It is
reported here only for completeness

Table 7: Nominal and effective bulk velocities, Pilot power and coflow velocities for all flames

D 62.2m/s 61.07 m/s

E 82.93m/s 81.42m/s

F 93.3m/s 91.6 m/s

J 125 m/s 125 m/s
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