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ARTICLE INFO ABSTRACT
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The study utilizes two spherical bombs to explore the Laminar Flame Speed (LFS) and Markstein length of
oxygen-enriched ammonia flames and ammonia combined with different oxidizers (N with 21% and 30% O,
and He with 21% O3). The experiments cover a range of initial conditions, exploring temperatures from 309 K to
423 K and an equivalence ratio spanning from 0.8 to 1.3, all at an initial pressure of 1 bar. At the same time, three
established literature mechanisms (Stagni, Shrestha, and Zhang) are used to simulate the data and perform ki-
netic analysis. A detailed analysis focuses on how the radius of the domain affects LFS, highlighting the
importance of a larger domain, in contrast with findings from previous literature. The findings highlighted that,
although LFS increased (as expected) with the increase in the initial temperature, the Markstein length remains
largely unaffected in oxygen-enriched ammonia flames. This was also calculated using Bechtold and Matalon’s
approach, and the results were in a good agreement with the experimental values. The study determines alpha
exponents across an equivalence ratio range of 0.8 to 1.3, and also found that the inert gas has varying effects on
both LFS and Markstein length. Buoyancy effects were noticeable in the ammonia/air experiments, particularly
at lower temperatures, challenging existing literature heavily focused on ammonia blends at temperatures below
400 K, potentially contributing to data discrepancies observed in prior studies.

that underpin ammonia combustion processes. However, it is worth
noting that existing kinetic models often fall short in predicting am-

1. Introduction

Ammonia (NH3) has garnered significant interest on a global scale as
nations strive to fulfill their obligations outlined in seminal accords such
as the Paris Agreement [1] and Kyoto Protocol [2], which aim to curb
greenhouse gas emissions and limit global temperature rise. Neverthe-
less, ammonia’s slow flame propagation, high ignition energy, and high
nitrogen oxides (NOy) emissions have posed significant hurdles to its
feasibility as a viable clean energy source. In response to these chal-
lenges, extensive research endeavors have focused on unraveling the
intricacies of ammonia combustion. Key areas of investigation include
laminar flame speed (LFS), ignition delay time, and speciation, all of
which are pivotal in understanding and optimizing the combustion of
ammonia.

Among these parameters, LFS assumes a central role not only in
improving combustion efficiency but also in validating kinetic models
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monia’s behavior under different operational conditions [3], under-
scoring the pressing need for more accurate and comprehensive data.
Previous literature has discussed the sources of errors in determining
LFS [4,5], setting the stage for a deeper examination of this critical
parameter.

To address potential inaccuracies, experiments involving oxygen-
enriched ammonia flames have been conducted, effectively mitigating
the influence of buoyancy effects and bolstering the reliability of the
results. Furthermore, this study aims to shed light on the impact of
domain size and geometry on the derivation of LFS, comparing the ob-
tained results with the existing literature [6].

The research will also extend its scope to encompass experiments
involving ammonia in both air and inert gasses, such as helium, with the
objective of assessing the influence of the surrounding medium on

1540-7489/© 2024 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:chaumeix@cnrs-orleans.fr
www.sciencedirect.com/science/journal/15407489
https://www.elsevier.com/locate/proci
https://doi.org/10.1016/j.proci.2024.105387
https://doi.org/10.1016/j.proci.2024.105387
https://doi.org/10.1016/j.proci.2024.105387
http://crossmark.crossref.org/dialog/?doi=10.1016/j.proci.2024.105387&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Hamadi et al.

combustion characteristics. Beyond LFS, this study will delve into the
analysis of other dynamic parameters including Markstein length, Zel-
dovich number, and activation energy. These parameters collectively
contribute to the intricate chemistry of ammonia combustion, and their
exploration promises to deepen our understanding of ammonia’s po-
tential as a sustainable and environmentally friendly energy source.

2. Methods
2.1. Experimental set-up

The LFSs are measured in two stainless steel spherical vessels, one
with a volume of 56 L (inner diameter: 47.6 cm) and the other with a
volume of 93 L (inner diameter: 56.3 cm). Previous articles contain in-
depth descriptions of the two spherical bombs, the coupled visualiza-
tion technique, and flame speed determination [7,8]. Briefly, both the
56 L and 93 L vessels have optical access through opposite quartz win-
dows, with optical diameters of 97 mm and 200 mm, respectively. The
vessels’ temperature is maintained uniformly through the use of a
circulating thermal heating fluid and insulation with a maximum un-
certainty of +£1 K. Two tungsten electrodes spaced 2 mm apart are
located along the diameter of each sphere. They are connected to a
regulated high voltage discharge device that generates a spark in the
middle of the spherical reactor to ignite the fuel-air mixtures. The
combustion process is monitored using two distinct diagnostics: the
pressure time histories are measured using a piezo-electric pressure
transducer (Kistler 601A and 6001 models coupled to a Kistler Type
5011B and 5018 Charge Amplifier, respectively), and the expanding
flames are visualized and recorded using a Z-type Schlieren setup
coupled with a high-speed camera (Phantom V1610). The two di-
agnostics are synced by a TTL signal generated by a digital delay/pulse
generator (Stanford Research System INC.) at the onset of the spark
between the electrodes. This synchronization is required to link the
pressure rise to the data obtained by fast imaging. The pressure signal, in
particular, is used to ensure that all measurements take place under
nearly constant pressure conditions. The pressure profiles exhibit an
average increase of 0.6% between the start and end times of the captured
images. Figs. S1-S6 show examples of flame images and pressure traces.

The captured images are then processed using the Canny method to
determine the flame radius as a function of time, from which the adia-
batic unstretched gas speed of the burned gasses relative to the flame, S,
and the burned Markstein length, Ly, are iteratively derived using a
MATLAB code by solving the non-linear equation developed by Ronney
and Sivashinsky [9] and later modified by Kelley and Law [10]:

((Sb/S(b’)2> * ln((Sb/Sg)2> = — (2Lyk)/(SY), where k is the stretch
rate. The minimum and maximum radii are chosen to prevent the
ignition effect and the hydrodynamic instabilities/radiation effects,
respectively. Examples of unstretched spatial laminar burning speed
extractions using the non-linear method are shown in Figs. S7 and S8.
The unburned gases’ unstretched laminar flame speed is calculated from
the continuity equation through S} = p,S?/p,, where p, and p, are
calculated using COSILAB’s Equilibrium code [11] as the densities of the
burnt and unburned gasses, respectively.

The uncertainties associated with determining the LFS stem from
several sources, including initial conditions (pressure, temperature, and
mixture composition), measurement of the flame radius (with an esti-
mated uncertainty of +1 pixel), the selected flame radius domain for
extrapolation (further elaborated in the Supplementary Material (SM)),
experiment repeatability (see Figs. S12-S13), radiative losses (corrected
using Yu et al.’s equation [12]), and variations between different
extrapolation methods existing in the literature (as illustrated in
Fig. S14). The impact of the extrapolation method on experimental
outcomes can also be checked by examining the product of the Marks-
tein number and the Karlovitz number, as proposed by Wu et al. [13]
(Fig. S15). Accordingly, a global error in SY can be estimated using the
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error propagation formula for independent uncertainties. More details
about the uncertainty calculation process are reported in [14].
Concerning the gasses used in the experiments, Air-Liquide provides
NH;3 (>99.999%), oxygen (>99.995%), nitrogen (>99.8%), dry air (>
99,9999%) and helium (>99.999%). The gases are introduced directly
into the vessel using the partial pressure approach, with the chamber
evacuated to less than 3 Pa beforehand. To minimize errors in mixture
preparation, capacitive manometers (MKS Baratron Types 631B, 631F,
and 690A) are employed to monitor pressures, with an accuracy of 0.2%,
resulting in a maximum 1% uncertainty in the equivalence ratio (¢). The
exact compositions of the experimental mixtures are listed in Table 1.

2.2. Kinetic modeling

In this study, three different mechanisms are used, i.e. those by
Stagni et al. [15], Shrestha et al. [16] and Zhang et al. [17]. They were
developed independently of each other: Stagni et al. (31 species, 203
reactions) developed their mechanism in the context of an experimental
study on NH3/Hj oxidation, building on top of a previous experimental
and theoretical study on pure NH3 oxidation [18], and validated their
mechanism  against NH3/O, NH3/042/Na, NH3/NO/O2/Na,
NH3/H2/02/N2, NH3/AI‘gOI’1 (AR), NH3/H2/02/N2/AR,
NH3/H/05/AR, NH3/05/AR, and NoH4/Ny mixtures. Shrestha et al.
(125 species, 1099 reactions) updated their previous framework [6],
improved for NH3/H; flames and NH3 flames enriched by Oy, in order to
refine their agreement with extinction strain rates of NHs/Hy/air
non-premixed counter flow flames. Their validation dataset included
NH3/O2/N2,  NH3/Hz/O2/Na,  NH3/O2/Np/Ar,  Hz/NH3/O2/Ar,
NH3/02/Ar, NH3/NO/Ar, Hy/O2/NO/N> mixtures. Finally, Zhang et al.
(38 species, 263 reactions) set up a kinetic model for pure NH3 and
NH3/H mixtures, validated against their own data collected in a
Jet-stirred reactor as well as a wider range of literature data concerning
pure NH;, NH3/Ha, Ho/NO, Hp/N20, NH3/NO and NHs/NO,.

The assessment of laminar flame speeds employs a one-dimensional,
premixed, freely propagating flame model in COSILAB. Computational
parameters, including a 10 cm domain and grid refinement settings for
GRAD and CURV adjusted to 1e™#, ensure sufficient grid refinement. The
convergence criteria lead to a minimum of 250 final grid points,
ensuring computational stability and reliability of the results.

3. Results and discussion
3.1. Effect of flame radius domain

Fig. 1(a) compares the current experimental data (red circles) at 323
K and 1 bar for NHs-enriched air (30% O3) with the values reported by
Shrestha et al. [6] (blue triangles), with Fig. S16 in the SM showing the
results at 373 K. The error bars denote the standard deviation derived
from three experiments at the same measurement point. Large discrep-
ancies are visible for ¢ < 1.1. To understand the cause of these dis-
crepancies, we referred to Shrestha’s article, examining the selected
radius domain and the size of their experimental set-up, which was
notably smaller (4.2 L) compared to the one in this study (56 L).
Incorporating their extrapolation domain into a 3D plot revealed a
noticeable impact on the calculated LFS within their specified domain,

Table 1
Compositions of the gas mixtures used in this study, along with the corre-
sponding conditions. Initial pressure fixed at 1 bar.

Oxidant @ Tini Spherical Vessel (L)
(%mol) X
3005+ 70N, 0.8t0o 1.3 309, 323, 373, 423 56
309 93
20.90,+79.1N, 0.8t0 1.3 309, 400 93
20.90,+79.1He 0.8to 1.2 400 93




A. Hamadi et al.

N
Y
T

(@)

N
=
T
L
vy

[y
[
Y
|
L

® This work
E »  Shrestha 2021

08 09 1 11 12 1.3
Equivalence ratio

Laminar Flame Speed (cm/s)
I
X
T
Laminar Flame Speed (cm/s}

-
N

Proceedings of the Combustion Institute 40 (2024) 105387

a0

10 0 R, mm
Rmin (mm) 12 14,L12 max (mm)

Fig. 1. (a) Laminar flame speed for NH3 in enriched air at P;,; = 1 bar and Tj;; = 323 K. Red circles are the present work. The blue triangles are the data from [6]. The
cross symbols are the present work measured in the same domain as in [6]. (b) Laminar flame speed as a function of fitting domain for ¢=1, including Shres-

tha’s domain.

which then stabilizes beyond that range (Fig. 1(b)). Employing the same
extrapolation domain as Shrestha yielded an identical LFS values (as
depicted by the cross symbols in Fig. 1(a)).

To further validate the accuracy of the data and demonstrate the
independence of the determined LFS from the domain, several experi-
ments are conducted using a larger spherical bomb (93 L) for NHs-
enriched air at 309 K and 1 bar. The results obtained from these ex-
periments were identical to those obtained from the 56 L vessel (Fig. 2).

The 3D plots, as detailed in the SM, effectively mitigate uncertainties
arising from the selection of the flame radius domain, offering robust
evidence for the accuracy and credibility of the reported LFS values.

3.2. NHgs-enriched air (30% O3) mixtures

In Fig. 3(a), LFS profiles for NH3/O2/Ny with 30% O4 content are
displayed at four distinct temperatures: 309 K, 323 K, 373 K, and 423 K,
all at 1 bar, as a function of ¢. These profiles include measurements and
simulations using three different kinetic models from the literature. The
experimental data demonstrates that an increase in temperature leads to
an increase in the LFS, and this same trend is corroborated by the pre-
dictions of the kinetic models. Moreover, the Zhang mechanism exhibits
an under estimation of the experimental LFS data across all tempera-
tures. Conversely, the simulated flame speeds using the Shrestha and
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Stagni mechanisms demonstrate a satisfactory agreement with the
experimental LFS, falling within the bounds of uncertainty error. The
correction concerning S;° for radiative losses, which is considered a part
of the uncertainty error, is shown in Fig. S17 for the different
temperatures.

Temperature has varying effects on S;° depending on the equivalence
ratio. To assess the impact of initial gas temperature on S;°, a widely
utilized empirical equation is employed: S;°(Ty)/ Si°(To) = (Ty/To)".
Here the subscript ’i” denotes values at the expected conditions, whereas
the subscript "0’ refers to reference conditions (309 K and 1 bar in this
study). Fig. 3(b) illustrates the a exponent derived from our measure-
ments as a function of ¢, as well as the simulations. Uncertainties for
power exponent alpha are assessed as described in the work by Alekseev
et al. [19]. While all the models are able to depict the trend, the model
by Shrestha et al. accurately captures the experimental results within the
error bar.

To explore the important reactions influencing NH3/05/N; LFS, a
sensitivity analysis to laminar flame speed is conducted at ¢=1, 1 bar
and 423 K (Fig. 4; additional temperatures in Figs. S18-520) across
various mechanisms. Remarkably, the sensitive reactions remained
consistent despite temperature variations. Positive sensitivity denotes
promoting effect on reactivity (increased flame speed), while negative
sensitivity indicates an inhibiting one. The pivotal chain branching
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Fig. 2. Comparing Laminar Flame Speed and Markstein Length of NHj in enriched air at P;,; = 1 bar and T;,; = 309 K using spherical bombs of two different volumes.
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Fig. 3. (a) LFS of oxygen-enriched ammonia flames (30% O3) versus ¢ for four different temperatures at Piy; = 1 bar. (b) Power exponent, @, versus ¢. Symbols:
experiments; Solid lines: simulations using Stagni et al. model [15]; Dashed lines: simulations using the Shrestha et al. 2022 model [16]; Dotted lines: simulations
using the Zhang et al. 2021 model [17].
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Fig. 4. Reaction sensitivity analysis for LFS of oxygen-enriched ammonia flames (30% O) at ¢=1, 1 bar and 423 K with different mechanisms.

reaction (H + O,=0H+O0) consistently emerged as the most sensitive
across all mechanisms, closely followed by the reaction of NH, with NH O 309K O 323K O 373K O 423K

and NO, leading to the production of highly reactive radicals H and OH. E
Apart from these reactions, the remaining crucial reactions are consis- -~ 0.35 1
tent across the mechanisms, and there is a notable overlap observed £ 0.30-
among several reactions shared between Stagni’s mechanism and the 2
other two. Consequently, the variation in flame speeds among the 8 0251
different mechanisms is attributed to the value chosen for the different .g 0.20 -
reaction rates, as the pathways are common in all of the three ®
mechanisms. % 0.15
Fig. 5 shows the Markstein lengths (L,) versus the equivalence ratio, = 0.10 - [ i
where L, = pplp/py, at four distinct initial temperatures for oxygen- g '
enriched ammonia flames (30% O5). The error bars accompanying the £ 0.05 E T
experimental values of L, encompass uncertainties stemming from the 3 T
measured flame radius (maximum 0.1%), repeatability (Fig. S12), and g 0.00 - T

the extrapolation method (Fig. S21), with the latter exhibiting the 08 09 10 11 12 13
highest uncertainty. The positivity of L, indicates the flame’s stability Equivalence ratio

across the entire range of equivalence ratios. Additionally, within the
scope of experimental error, no observable temperature dependency is
noted. L, increases monotonically with the increase in the equivalence
ratio. Ammonia-air flames show a similar tendency [20,21].

Fig. 5. Effect of the temperature on the unburned Markstein length for oxygen-
enriched ammonia flames (30% O,) versus ¢ at 1 bar.
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Assessing the influence of initial temperature on the Markstein
length involves calculating the Markstein number, Ma calc, following
Bechtold and Matalon’s approach [22]:

Mag; :Lu/‘sf:af ((671)'}/1)/6 M

where 6 = p,/py,, @ = 71+ 0.5:8-(Legy — 1)-73, f = (Ea*(Tag — Tini))
/(RTaa?), 1 = (20)/(Ve + 1), and y, = 4/(c — D{Vo — 1-
In(0.5-(v/o + 1))}. It is essential to note that y; and y, are determined
based on the thermal conductivity (1) temperature dependency i.e. A =
f(T). Leys, Eq, Toq and &¢ represent the effective Lewis number, the global
activation energy, the adiabatic temperature and the flame thickness
respectively.

To estimate Ma,,. , initial estimation of several crucial parameters is
necessary:

- Flame thickness, §—=(/C,)/(pu®S°), where the ratio of thermal
conductivity to heat capacity (4/C,) is evaluated for the unburned
gas mixture at the average temperature between the unburned and
the adiabatic-flame temperature [23].

- Activation energy, E,, using thermal explosion theory as thoroughly
described in [24].

- Zeldovich number, f, according to [22].

- Effective Lewis number, Le.g, as defined by Addabbo et al. [25].

To compute the different parameters, the thermal and transport data
from Stagni et al. [15] and Shrestha et al. [16] are used. The notable
resemblance between Figs. 6 and 7 and S22 and S23 signifies significant
similarity in both thermodynamics and transport, as elaborated in sub-
sequent paragraphs. The observed deviation in flame speed when using
Zhang’s mechanism arises from kinetics rather than variations in ther-
modynamics and transport. Employing their transport and thermody-
namic data yield comparable outcomes to the other two mechanisms,
although these results aren’t reported here.

Fig. 6 illustrates the flame thickness obtained using the Stagni
mechanism (Fig. S22 utilizing the Shrestha mechanism) against the
equivalence ratio for various initial temperatures at 1 bar for NH3/
0,(30%)/N5 mixtures. The flame thickness is the smallest at ¢ = 1.1 for
all initial mixture temperatures, because the LFS is the fastest at this
equivalence ratio. Moreover, as the initial mixture temperature in-
creases, there is a decrease in the preheating zone thickness.

Comparison between the Maqc and Maey, is depicted in Figs. 7 and 8
utilizing both Stagni and Shrestha mechanisms. Both the calculated and
measured Markstein numbers, Ma, exhibit the same trend as a function
of equivalence ratio across all the studied temperatures. Notably, the
computed Ma.q, shows no dependency on the initial temperature,

Solid Line: Stagni Mech.
Dotted Line: Shrestha Mech.

0.425 309K
£ 373K
£ 0.400 - 423K
$0.375 1
=
S 0.350
£
5 0.325 1
g
= 0.300 1

0.275 -

08 09 10 11 12 13
Equivalence ratio
Fig. 6. Effect of the temperature on flame thickness derived using both Stagni

and Shrestha mechanisms for oxygen-enriched ammonia flames (30% O5)
versus ¢ at 1 bar.
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Fig. 7. Effect of the temperature on the calculated, Ma,., and experimental,
Maeyp, Markstein numbers for oxygen-enriched ammonia flames (30% Oy)
versus ¢ at 1 bar. Symbols: experiments; Solid lines: simulations using Stagni
et al. model [15]; Dotted lines: simulations using the Shrestha et al. 2022
model [16].

contrary to experimental observations where there’s no discernible
dependence up to 373 K, while at 423 K, the observed values are higher
(Fig. 7). It’s evident that Ma increases in tandem with the equivalence
ratio, akin to the Markstein length’s behavior. Despite L, exhibiting
minimal sensitivity to temperature, an impact on Ma emerges above 373
K. At 423 K, the effect of temperature on Ma becomes apparent,
potentially correlated with the remarkably reduced flame thickness
observed at this temperature.

As shown in Fig. 8, the calculated Markstein number closely matches
the experimental values. It accurately captures the values for equiva-
lence ratios greater than or equal to one across all temperatures within
the bounds of uncertainty. Additionally, for the 373 K and 423 K cases, it
also captures the values for equivalence ratios below one. This strong
agreement between the calculated and experimental Markstein numbers
demonstrates the robustness of the detailed kinetic mechanism used in
the simulations. The slight deviations at lower temperatures and lean
conditions might be due to limitations in the kinetic model or experi-
mental uncertainties.

The primary aim of this study revolves around comparing the
measured L, with its calculated counterpart, derived by multiplying the
Markstein number with the flame thickness. In Fig. 9, a comparison
between the measured and calculated Markstein lengths using both
Stagni and Shrestha models is depicted for various initial temperatures
across different equivalence ratios at a pressure of 1 bar. Remarkably,
the calculated Markstein lengths closely align with the measured ones,
accounting for uncertainty errors, at 373 K and 423 K temperatures.
However, at equivalence ratios higher than 1, the calculated length
closely corresponds to the measured one for 309 K and 323 K.
Furthermore, both the calculated and measured lengths exhibit a similar
trend, affirming the reliability of the employed methodology. This
robust agreement suggests a comprehensive understanding of the com-
bustion dynamics under different conditions, emphasizing the utility of
the proposed approach for predicting Markstein lengths accurately.
Such findings not only validate the computational models but also
provide insights into the intricate interplay between flame behavior and
chemical kinetics, offering potential avenues for further investigation
and optimization in combustion systems.

3.3. Role of oxidizer in NH3 combustion

Fig. 10(a) depicts the LFS versus equivalence ratio for an NH3/Oy/He
blend 21% O, at 400 K and 1 bar, alongside with model predictions. The
models by Shrestha et al. [16] and Zhang et al. [17] respectively over-
estimate and underestimate the measured values of LFS across the entire
range. Conversely, the model proposed by Stagni et al. [15] anticipates
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et al. 2021 model [17]. Red symbols: measurements from [20].

slightly higher laminar flame speeds under lean conditions and dem-
onstrates significantly improved agreement at stoichiometric and rich
sides. As stated in the experimental section, the uncertainty in the LFS
stems from various sources, with their effects depicted in Figs. S$22-524
(a) in the SM. Among these sources, the most significant contributor to

the error is the extrapolation method. This conclusion gains further
support from the product of the Markstein number and the Karlovitz
number [13], as all experimental conditions lie beyond the predefined
lower and upper boundaries (Fig. S25).

The laminar flame speed for ammonia air under identical conditions
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as NH3/O5/He is presented in Fig. 10(b), accompanied by model pre-
dictions and experimental data sourced from literature [20] under
matching conditions. It is important to note that error bars in this study
are evaluated as previously outlined. However, for the literature data,
the error bars represent solely the standard deviation of the conducted
experiments. The experimental findings align with the literature data at
¢ =1.1 and 1.2, but they are lower at ¢ =1. Concerning the models, both
Stagni and Shrestha mechanisms tend to overestimate the experimental
results. However, the Zhang et al. model adequately predicts the
experimental outcomes within the error margins.

This experimental configuration includes modifying both the heat
capacity and collision efficiency of the inert gas present in the oxidizer.
The notable increase in laminar flame speed, in contrast to experiments
using O»/Nj oxidizer blends, is mainly linked to the elevated adiabatic
flame temperature (see Fig. S26).

Fig. 11 depicts L, against the equivalence ratio for NH3/0O2/He and
NHj/air at a temperature of 400 K and pressure of 1 bar. The error bars
accompanying the experimental L, values encompass uncertainties
originating from the measured flame radius (maximum 0.1%), repeat-
ability (refer to Fig. S22), and the extrapolation method (see Fig. S27),
with the latter displaying the most significant uncertainty. The positive
L, values indicate the flame’s stability across the entire range of
equivalence ratios. In NH3/Oy/He, L, exhibits a non-monotonic decrease
as the equivalence ratio rises, reaching a minimum around ¢ =1.1, after
which it shows a slight increase. As in oxygen-enriched ammonia flames
(30% Oy) case, L, in NH3/air demonstrates a monotonic increase with
the equivalence ratio. Overall, the inert gasses (He in NH3/Oy/He and Ny
in NHs/air) seem to exert distinct influences on L,, shaping the flame
characteristics and sensitivity across different equivalence ratios.

Further experiments involving NHs/air mixtures are carried out at 1
bar and 309 K. These investigations are pivotal in drawing comparisons
with prior experiments. Particularly at 309 K, the impact of buoyancy is
markedly apparent. This is clearly visible when comparing the centroid
velocity to the burning velocity (Vs=dry/dt, whereryis the flame radius and
t is the time), as Fig. 12 illustrates. Not only is the impact of buoyancy
clearly seen in velocity differentials, but it is also evident in the
observable behavior of the flame. As buoyancy becomes more signifi-
cant, the flame loses its typical spherical form, undergoing a rapid
decrease in its shape ratio. The appearance of two pressure peaks serves
to emphasize this change even more (Fig. S28). The lingering effect of
buoyancy continued even at a higher temperature of 400 K, albeit less
prominently than at 309 K. Interestingly, its effect is stronger for
equivalence ratios outside of the 1-1.2 range (Fig. S29).

A substantial part of the current body of literature concentrates on
ammonia blend mixtures in air, particularly at temperatures below 400
K. This particular focus could potentially introduce higher uncertainties
in determining LFS, consequently contributing to the discrepancies
observed among the data present in the literature.
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Fig. 12. The centroid velocity and the burning velocity versus radius for NH3/
air at T =309 K and P = 1 bar at ¢=0.8, 1.1 and 1.3.

4. Conclusion

Two distinct spherical bombs are employed to study the LFS and
Markstein length in experiments involving oxygen-enriched ammonia
mixtures and ammonia paired with varying oxidizers (N, and He, both
with 21% O,). The experiments focusing on oxygen-enriched ammonia
flames are conducted at initial pressure of 1 bar and initial temperatures
of 309, 323, 373 and 423 K over an equivalence ratio range of 0.8-1.3.
The findings reveal an increase in LFS with increase in temperature, yet
no significant impact is observed on the Markstein length. To simulate
the data, three different mechanisms—Stagni, Shrestha, and Zhang—are
used. The former two mechanisms demonstrate satisfactory predictive
performance when compared with the experimental data. Further ex-
amination through sensitivity analysis aimed to identify the most
influential reactions affecting the LFS. As expected, the O3+H—OH+0
reaction emerged as the most sensitive among all reactions—a conclu-
sion universally supported in previous literature concerning ammonia
combustion. The initial temperature did not manifest any effect on the
top ten sensitive reactions influencing the LFS. The theoretical Marks-
tein lengths, computed using the approach of Bechtold and Matalon,
based on the Stagni and Shrestha mechanisms, displayed good agree-
ment with the experimental values within the margins of uncertainty
errors. The alpha exponent, crucial for calculating flame speeds under
specific reference conditions, are determined across an equivalence ratio
range of 0.8 to 1.3. Furthermore, a detailed analysis elucidates the
impact of domain radius on LFS, juxtaposed with Shrestha’s work [6],
highlighting the significance of a larger domain.

Additionally, experiments measuring ammonia laminar flame speeds
and Markstein length, with helium as an inert gas, are conducted at T =
400 K, P = 1 bar and ¢=0.8-1.2. Experiments involving NHsz/air are
carried out at an initial pressure of 1 bar, initial temperatures at 309 and
400 K, and ¢=0.8-1.3. When comparing the data obtained at 400 K, it
was evident that the inert gas had varying effects on both the LFS and
Markstein length. In the context of ammonia/air experiments, the
impact of buoyancy was observable at both temperatures, albeit more
pronounced at 309 K. A substantial portion of the existing literature is
heavily centered on ammonia blend mixtures in air, particularly
emphasizing temperatures below 400 K. This concentrated focus might
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Fig. 11. L, for (a) NH3/0,/He and (b) NHjz/air are plotted as a function of ¢ at T = 400 K and P = 1 bar. Red symbols: measurements from [20].
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introduce increased uncertainties in determining LFS, potentially
contributing to the observed discrepancies among the available data in
the literature.

Novelty and Significance Statement

The novelty of this research is the measurement of NH3 flames over a
large domain of temperature, diluents and equivalence ratios. It is sig-
nificant because these results point at the origin of the discrepancy in the
literature and give a view on how the size of the flame impacts the
laminar flame speed. The new data are of great importance for the ki-
netic validation of NH3 mechanism. For the first time, Markstein lengths
have been calculated based on detailed kinetic mechanism adding a
parameter to the validation process.
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