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A B S T R A C T

The burning rate of ammonia/air flames is weak and thereby heavily influenced by buoyancy and radiation 
introducing large uncertainties in the laminar flame speed determination. Besides, ammonia/air flames exhibit 
large flame thicknesses and their ignition requires high energy at atmospheric pressure, significantly reducing 
the radius range for which extrapolation models can be employed to provide accurate unstretched flame speeds. 
Experiments were conducted using a spherical combustion chamber. The electrical discharge energy was varied 
until it was insufficient to spark-initiate a self-sustaining flame. Equivalence ratio (ф) variations from 0.75 to 
1.25 in a pressure range from 1 - 3 bar were investigated. For specific conditions, to eliminate the buoyancy- 
induced uncertainty, experiments were conducted under micro-gravity. At atmospheric pressure, it has been 
observed that the initial energy deposit has a strong influence on the duration of the transient phase preceding 
the self-propagation regime: ammonia/air flames are strongly affected by the initial deposited energy up to a 
radii of 10 – 15 mm. As the energy is reduced, buoyancy is prompted at smaller flame radii, irrespective of the 
equivalence ratio. As the pressure increases, the influence of the ignition effect is significantly reduced and 
disappears after a flame radius of approximately 6 – 8 mm. The study highlights the sensitivity of flame speed 
and Markstein length to the minimum spark-affected radius selection, particularly under lean conditions. A non- 
linear trend in Markstein length over the equivalence ratio was observed with a minimum close to ф = 0.8 – 0.9 
at similar stretch dependencies for measured experiments in micro-gravity. This trend is in contrast with the 
quasi-linear relationship reported in the literature, with continuously decreasing Markstein length as conditions 
get leaner. Finally, the classical adiabatic model showed good agreement with radiation-corrected experimental 
data, whilst the optically thin model overestimated the influence of radiation for fuel-rich conditions.

1. Introduction

The growing demand for clean energy and transportation solutions 
to achieve carbon neutrality presents a substantial challenge. Recently, 
ammonia (NH3) has gained attention as a carbon-free fuel and energy 
carrier [1]. However, the combustion characteristics of NH3, particu
larly its very low laminar flame speed (SL

0< 10 cm/s at 298 K and 1 bar), 
make it highly sensitive to gravitational effects (buoyancy-driven mo
tion) and radiation heat loss, complicating the precise measurement of 

this fundamental property. Accurate measurements of SL
0 are essential 

for validating chemical kinetic models, addressing issues like flashback, 
blow-off and extinction, and improving turbulent flame interaction in 
modeling [2].

From the definition of the unstretched laminar flame speed (SL
0) as 

the speed at which a planar, unstretched, adiabatic premixed flame 
propagates relative to the unburned gas [3], various experimental 
techniques have been developed to measure SL

0, as reviewed in [4]. 
Among these, the Spherically Expanding Flame (SEF) method is one of 
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the most widely used even for NH3/air flames. A review of the available 
data reveals significant discrepancies in SL

0 and corresponding Markstein 
length (Lb, which represents the sensitivity of a flame to stretch) in the 
case of NH3/air flames at normal temperature and pressure (298 K, 1 
bar), often exceeding typical measurement uncertainties (see SM, 
Fig. S.1 and S.2).

In the SEF configuration, flame propagation can be characterized by 
three distinct phases. 

(1) Initially, there is an ignition-dominated phase, where the flame is 
driven by thermal conduction from the ignition kernel to the 
reaction front. During this phase, the flame speed and stretch rate 
increase rapidly. NH3/air flames exhibit significant flame thick
ness, requiring higher ignition energy at atmospheric pressure 
compared to hydrocarbon flames, which may prolong the dura
tion of the ignition-affected regime before transitioning to the 
quasi-steady regime. For mixtures with large Markstein lengths, 
such as rich NH3/air flames [5], strong nonlinear behavior at 
small radii influences the initial flame transition and the ignition 
affected radius (rmin) [3]. To ensure that the influence of ignition 
is minimal, a minimum radius is chosen with a value typically set 
at 6 mm based on CH4/air simulations [6]. Chen et al. [7] showed 
from DNS that rmin should be estimated depending on the Lewis 
number (Le), representing the ratio of thermal to mass diffusivity. 
Although both CH4 and NH3/air mixtures exhibit similar 
thermo-diffusive behavior (Le ~ 1) [5], the distinct intrinsic 
properties of NH3 flames (e.g., large ignition energy and flame 
thickness) may challenge those conclusions.

(2) Once the influence of ignition has dissipated, the flame enters the 
quasi-steady regime, with stretch decreasing while flame radius is 
increasing, following the conventional expected behavior [8]. 
Data from this phase are used to accurately measure flame speed 
and stretch sensitivity. During this stage, the flow-field of the 
unburnt gas is assumed to be stationary. However slow-burning 
flames may challenge the assumption of motionless burned gas 
due to radiation heat loss and buoyancy induced flow-field [9,
10].

(3) During the final period of the flame evolution, confinement ef
fects, thermal-diffusional instabilities, and buoyancy affect flame 
propagation and its response to stretch, delimitating the end of 
the quasi-steady regime. With respect to the slow burning and 
thermo-diffusional stable NH3 flame, various methods have been 
proposed to minimize or correct buoyancy-induced uncertainties. 
Hayakawa et al. [11] suggested using the ratio of vertical to 
horizontal radius (rV/rH) and flame propagation speed to distin
guish the buoyancy-influenced regime from the quasi-steady 
regime. Other studies [12,13] have relied solely on horizontal 
radius measurements, but recent DNS [10] and experimental 
work [14] show this approach is not sufficient to avoid significant 
errors.

To eliminate buoyancy effects and lengthen the quasi-steady regime 
phase, experiments in micro-gravity (μg) are justified (e.g., drop towers, 
parabolic flights). Early work by Ronney [15] investigated NH3/air 
flames under free-fall, with the study highlighting challenges in ignition 
rather than flammability limits. Mathew et al. [14] studied NH3/air 
flames using a lab-scale drop tower and found that the 
buoyancy-induced data distortion could significantly affect the flame 
propagation and its response to stretch, especially under lean conditions. 
In addition to buoyancy, radiation heat loss strongly influences 
slow-burning flames by lowering flame temperature and consequently 
SL

0. Several authors have investigated the influence of radiation on 
NH3/air flames [16–18]. Glaznev et al. [18] examined the influence of 
radiation on NH3/air flames under μg, finding consistent results between 
optical and pressure-rise data when correcting the first for radiation 
using the correlation proposed by Yu et al. [19].

Overall, the correct definition of applied radius range for NH3/air 
flames remains not clearly stated, which affects the accuracy of flame 
speed and Markstein length measurements. This may explain the sig
nificant discrepancies observed between available literature data. The 
present study aims to: (1) experimentally determine the spark-affected 
radius of NH3/air flames across a broad range of equivalence ratios at 
both atmospheric and moderately increased pressure (1 – 3 bar); (2) 
assess whether using a shape-ratio parameter is sufficient to minimize 
buoyancy-induced uncertainty by comparing static (1 g ) and free-fall 
experiments (μg); (3) compare the measured results with theoretical 
models, one-dimensional simulations of stationary unstretched flames 
and transient spherically propagating flames.

2. Experimental framework

2.1. Experimental set-up

Experiments to determine the spark-affected radius of NH3/air 
flames were conducted in the spherical constant-volume vessel fully 
described in [20,21]. This spherical vessel (1 g configuration) has an 
inner diameter of 200 mm and features four orthogonal quartz windows, 
each 70 mm in size, providing an optical radius access of 35 mm. 
Microgravity experiments were conducted in ZARM’s (Center of Applied 
Space Technology and Microgravity) GraviTower Bremen providing 
<10–4 g during drops for up to 2.4 s [18]. For the μg experiments, a 
second well-characterized spherical combustion chamber [22] was used. 
This vessel (μg configuration) has an inner diameter of 100 mm, and 
optical access with a radius of 25 mm. For both configurations, 1 g and 
μg, flame propagation was captured using 2 high speed Schlieren im
aging systems at 5000 fps and a spatial resolution of ~ 0.1 mm per pixel 
and 9500 fps and ~ 0.05 mm per pixel, respectively. To ensure accurate 
comparison between the two spherical vessels and the post-processing 
methods, first experiments were performed on CH4/air mixtures (ф =
0.9 – 1.2, 298 K, 1 bar). An average difference in SL

0 was found lower 
than 3 % between both set-ups. Reference data are available in the 
supplementary materials (SM).

2.2. Experimental specifications and post-processing methodology

The experiments were first conducted in the 1 g configuration. A 
spark is generated between two fine electrodes, separated by a fixed 
spark gap of 3.5 mm, using a standard automotive capacity coil, to allow 
the adjustment of the deposited spark energy. However, accurate mea
surement of deposited energy in the gaseous mixture remains chal
lenging due to energy lost to the electrodes through thermal conduction 
from the generated plasma, voltage drops at the electrodes, and radia
tion. Previous studies have shown that only 10–25 % of the accumulated 
discharge energy is converted to thermal energy released to the fuel/air 
mixture [23]. Therefore, the choice in this study is to refer to the ignition 
energy in terms of charge duration (ED), with longer charge durations 
corresponding to greater deposited energy. Experimental details related 
to the estimate of the spark energy and methods employed are available 
in the SM 2.

The electrical charge duration varied from a maximum of 4000 μs, 
successively decreasing it until the deposited energy was insufficient to 
maintain a self-sustaining flame. The equivalence ratio (ф) was varied 
from 0.75 – 1.25. For leaner and richer mixture no ignition was 
achievable with the set-up employed. The influence of pressure at the 
selected conditions was also investigated from 1 to 3 bar.

The experimental conditions chosen for the μg configuration com
plemented the experimental database previously reported in [18], using 
the same set-up and methods. Conditions near the flammability limits of 
NH3/air were prioritized (ф = 0.7, 1.3), since they are the most difficult 
to measure under 1 g conditions. A minimum of 2–3 experiments was 
conducted for each condition. Note that an upper limit was imposed on 
the exploitable flame radius to ensure that measurements remained 
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within the constant pressure assumption [3], allowing for a deviation of 
3 % in the pressure rise relative to the unburnt pressure. This equates to 
a maximum radius of ~ 25 and 20 mm, for the 1 g and μg configurations, 
respectively.

A complete analysis of the uncertainty is provided within the SM for 
all the conditions summarized in Table 1.

SL
0 and Lb relative to the burnt side [24], were measured experi

mentally as described in [5]. The instantaneous effective flame radius 
(reff) was calculated by assuming a spherical shape based on the binar
ized flame contour images, which provide the flame-enclosed area, A, 
with reff = (A/π)1/2. For a SEF, the stretched flame speed (Sb) is defined 
as the time derivative of the Schlieren flame radius (rsch), Sb = drsch/dt. 
The flame stretch (K) is expressed as the rate of change of flame area (A), 
given by K = (1/A)(dA)/dt = (2/rsch)(drsch/dt). The unstretched laminar 
flame speed with respect to the burnt gas (Sb

0) is determined based on an 
extrapolation model. For this work, the quasi-steady non-linear rela
tionship (NM-S) between stretched flame speed and stretch proposed by 
Kelley and Law [8] was used for mixtures with negative Lb, and a model 
based on flame curvature (LM-C) proposed by Frankel and Sivashinsky 
[25] for positive Lb, as per the recommendations in [26]. The laminar 
burning velocity was obtained from the conservation of mass across the 
flame front with SL

0 = σ⋅Sb
0, with σ the ratio of burnt to unburnt gas 

densities, evaluated using the 0D equilibrium calculations. A 
slowly-burning flame may invalidate this relation and the assumption of 
motionless burned gas due to radiation heat loss, as noted in [14]. 
Considering the conclusions in Glaznev et al. [18], the radiation 
correction method proposed by Yu et al. [19] was applied in this study.

2.3. Fundamental theoretical models

The relationships between Lb and Le proposed by Chen and Ju [7,26] 
and Bechtold and Matalon [27] are considered and compared to 
experimental results. The first formulation is derived from the analytical 
developments performed by Chen and Ju, and can be re-arranged to 
retrieve Lb as per Lb-Chen = [1/Le – (Ze/2)(1/Le – 1)]σ⋅δ, with Ze and δ 
referring to the Zeldovich number and laminar flame thickness. The 
second formulation by Bechtold and Matalon was derived from theo
retical analysis on the dependence of Lb on stoichiometry, and can be 
expressed as Lb-BM = δ [γ1/σ – {(Ze/2)(Le – 1)γ2}], where γ1 and γ2 are 
functions of the expansion ratio, detailed in the SM, alongside methods 
employed to evaluate the various fundamental flame parameters.

3. Numerical framework

In order to assess various chemical kinetic models, the PREMIX 
software in the Ansys Chemkin-Pro 2023 package was employed to es
timate numerical laminar burning velocities, with multi-component 
transport accounted for. Four kinetic mechanisms were appraised, 
NUIG-2023 [28], KAUST-2023 [29], POLIMI-2023 [30] and Han-2020 
[31]. The models were selected based on the exhaustive kinetic model 
evaluation conducted by Girhe et al. [32], with the first three models 
ranked best overall, whilst Han-2020 was selected due to its perfor
mance on laminar burning velocity [32]. Radiation effects were 
accounted for using the Optically Thin Model (OTM), to evaluate the 
radiation heat loss from NO, N2O, NH3 and H2O, with Plank-mean co
efficients taken from the HITRAN 2008 database [16]. This model does 

not consider potential reabsorption of heat loss in the burnt gases by the 
fresh gases. All simulations were also conducted under adiabatic con
ditions, denoted by ADI. Transient spherically propagating flames were 
computed using the open-source FlameMaster (FM) program [33]. 
Isobaric conditions during flame growth are preserved by zero gradient 
outflow conditions, using a dynamic grid refinement algorithm.

4. Results and discussion

4.1. Influence of ignition energy

Fig. 1a shows some examples of NH3/air flame growth for two 
different timings after ignition with a fixed ignition charge time of 4000 
μs at t = 16 and t = 60 ms, respectively. When the charging time 
(ignition energy) is decreased, mixtures near stoichiometric conditions 
(ф=0.85–1.05) successfully developed into self-sustaining flames, whilst 
mixtures 0.85 ≤ ф and ф ≥ 1.05 ignited to form a flame kernel but then 
extinguished before transition to self-sustained flames.

According to thermal ignition theory [34], the minimum ignition 
energy (Emin) is proportional to the amount of energy needed to heat up 
a spherical volume of fresh gases with a radius in the same order as the 
laminar flame thickness (δL), from Tu to maximum burnt gas tempera
ture, i.e. Tad, thus Emin ~ ρu (δL)3cp (Tad – Tu) [2]. Hence, ignition of 
NH3/air flames should be more easily achieved at lowest δL. Fig. 1(b) 
illustrates the relationship between the δL, the effective Lewis number 
(Leeff) and Emin, with the latter values taken from [35]. Emin is located at 
~ ф = 0.9, whilst minimum δL is ф = 1.10–1.15. This shift may be 
attributed to the coupling of positive stretch with preferential diffusion 
(Leeff), since positive stretch weakens the expanding ignition kernel 
when Leeff exceeds unity (ф > 1, Fig. 1b), the critical ignition radius 
increases (thus Emin) even though δL is smaller. This emphasizes the 
importance of the thermal and mass balance across the flame front of the 
developing flame kernel [36]. For lean NH3/air flames the δL is large, 
while for rich flames Le > 1 hinders flame kernel expansion, hence the 
challenges in achieving self-sustained flames for off-stoichiometric 
conditions. Figueroa-Labastida et al. [37] and Verkamp et al. [38] re
ported similar findings, noting that ignition was most difficult under rich 
conditions, followed by lean and then stoichiometric cases.

Fig. 2b illustrates the temporal evolution of an NH3/air flame (ф =
1.1, 2 bars) at different charge time, alongside the flame morphology at t 
= 60 ms (Fig. 2a). It is observed that decreasing the ignition energy 
results in a longer initial non-linear phase prior to a fairly linear tran
sition. While this behavior is typical for all spherical flames [8,36], it is 
more pronounced in NH3/air flames due to the low flame speed, which 
leads to significant changes in the flame shape. A clear departure from 
circularity, quantified by the vertical-to-horizontal radius ratio (rV/rH), 
is evident in Fig. 2a and further corroborated by the evolution of the 
sphericity ratio in Fig. 2b as ignition energy decreases. Under these 
conditions, buoyancy influences the flame at progressively smaller radii, 
ultimately given rise to the characteristic mushroom head morphology. 
As a result, the transition from quasi-steady regime propagation to the 
buoyancy-dominated regime is shortened or, in some cases, entirely 
suppressed, thereby constraining the radius range available for reliable 
extrapolation.

In their DNS study, Berger et al. [10] attributed the observed flame 
shape to variations in the flow field. Furthermore, when the flame front 
does not develop an acute cusp and non-unity Le effects are negligible, 
the displacement speed remains proportional to both the strain and 
curvature, with extrapolation to zero-stretch introducing an error of 3 % 
- with this approach employed in previous studies [37]. In practice, 
ignition energies close to Emin are often chosen to minimize the initial 
ignition effects. However, for NH3/air flames, this significantly impacts 
flame morphology and, in some instances, induces early buoyancy ef
fects. On the other hand, excessive energy deposit can result in 
over-driving flame propagation (‘false’ non-buoyant flames) – thereby 
underscoring the necessity of carefully controlling ignition. As such, it 

Table 1 
Investigated experimental conditions for NH3/air Tu = 298 K.

Equivalence Ratio (ф) P (bar) Configuration (μg or 1 g )

0.80,0.85,0.9,1.0,1.05,1.20 1 1 g
1.1,1.3 1 μg
1.1 2 μg – 1 g
0.7,0.9,1.1 3 1 g
0.7,1.1,1.3 3 μg
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seems crucial to incorporate a parameter that characterizes the sphe
ricity of the NH3/air SEF during data processing to maintain the 
assumption of a spherical shape, especially when the Richardson num
ber – comparing the characteristic time scale of flame propagation to 
that of buoyancy convection – exceeds unity [10,14], which is typically 
the case for NH3/air flames. To this end, a 5 % sphericity threshold was 
applied during data processing to define the upper radius limit used for 

extrapolation, thereby obviating the need for aspherical corrections. The 
temporal evolution of the sphericity ratio for all cases is provided in the 
SM.

Fig. 3 shows the change in Sb and stretch rate, K, at ф = 1.1 and two 
pressures (1 and 3 bar) by considering experimental data when rV/rH ≥

0.95, to minimize uncertainty related to buoyancy-effects. In all cases (ф 
= 0.9 is located in the SM), the lower the charging time (ignition en
ergy), the more pronounced the non-linear transition between ignition- 
affected and quasi-steady regimes. At 1 bar, all flame trajectories 
converge at a radius ~ 14 mm, at which point they lie within the 
experimental uncertainty of one another. This minimum radius is 
notably larger than those of CH4/air flames (~ 6 mm) [6]. It reduces the 
number of individual points that will be considered for the extrapolation 
optimization to extract the unstretched flame speed. When the pressure 
is increased to 3 bar, the non-linear transition is replaced by a much 
more linear progression, in agreement with DNS work [35], with the 
critical ignition radius reducing to ~ 8 mm for ф = 1.1. Chen et al. [7] 
showed that this critical ignition radius is Le dependent but CH4 and 
NH3 exhibit very similar thermo-diffusive properties (at ф = 1.1, Leeff ~ 
1.05 and 1.09, respectively). As an increase in pressure leads to a 
reduction in flame thickness whilst Le remains unaffected, the variation 
in critical ignition radius is primarily influenced by changes in flame 
thickness. All critical ignition radii measured for all conditions in this 
study can be found in the SM (Table S.1), ranging from ~10 to 15 mm 
for ф = 0.80 and 1.20, respectively, at 1 bar.

Complementary experiments were conducted under μg conditions to 
evaluate the buoyancy effect, as plotted in Fig. 3. The same methods of 
data-processing and extrapolation were employed to all datasets. At 1 
bar, the μg experiment exhibits similar flame speed, stretch dependency, 
and critical ignition radius with the 1 g experiments. However, at 3 bar, 

Fig. 1. (a) Schlieren images at time t = 16 and t = 60 ms after ignition, (b) Emin, Leeff and δL as a function of ф (298 K, 1 bar).

Fig. 2. (a) Flame image, 60 ms after spark discharge timing, (b) Temporal 
evolution of NH3/air flame with different charge durations (μs).

Fig. 3. Effect of charge duration (μs) on propagation of SEF NH3/air flames at 1 and 3 bars for 1 g (circles) and μg (triangles). The solid black line represents the NM-S 
extrapolation model [8], fitted for 2000 μs case for the 1 g experiments.
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the Sb evolution as a function of K is strongly different, with a substantial 
increase in Sb for a fixed stretch rate compared to the 1 g configuration. 
This behavior has been observed in recent experiments [14] and DNS 
[10], and is caused by the local buoyancy-induced flow in the 1 g case.

A sensitivity analysis was performed on the selection of rmin for ex
periments conducted at 1 bar, by reducing the experimental rmin value 
by 1 to 3 mm for a wide range of ф. Noteworthily, the stretch de
pendency of the lean flames changed with rmin for ф = 0.8–0.85, from a 
positive to negative Lb, underlining how sensitive NH3/air flames are to 
the rmin selection, as illustrated in Fig. 4. The leanest flame (ф = 0.8) 
showed the most sensitivity to the choice of rmin, with differences in 
extrapolated Sb

0 ~11 % and 33 % for reductions of 1 and 3 mm, 
respectively.

4.2. Laminar burning velocity and Markstein length

The laminar burning velocity (SL
0) and corresponding Markstein 

lengths (Lb) measured in this study, both in 1 g and μg configuration are 
plotted in Fig. 5. The radiation was taken into account using the cor
relation proposed by Yu et al. [19]. Experimental data from literature 
[11,14,18,37,39–42], numerical simulations and theoretical values are 
also plotted. Of the appraised reaction mechanisms, only NUIG 2024 and 
KAUST 2023 models are plotted, as they consistently showed the best 
agreement with the present measurements. For the results from 
computing unsteady spherical flames with NUIG 2024 and using the 
same extrapolation procedure as for the experiments (denoted as FM), 
the same range of radii was selected as in the experiments to ensure 
consistency with the present measurements. The theoretical values 
(Lb-Chen and Lb− Matalon) are also based on the NUIG 2024 model. All 
the reaction mechanisms evaluated gave the same qualitative trends, 
with the full data sets available in the SM.

As can be seen from Fig.5a, at 1 bar, very good agreement is observed 
between 1 g from this study and free-fall tests, including recent μg ex
periments conducted by Mathew et al. [14]. The ADI model provides 
good agreement with radiation-corrected experimental results [14,18]. 
When data is not corrected for radiation [11,39,40], the OTM model 
shows better agreement under lean conditions than under rich condi
tions, where it underestimates the impact of radiation. The results using 
the SEF method yields significantly higher SL

0 than the heat-flux (H.F) 
configuration [39], even though the H.F set-up should theoretically be 
buoyancy-free. At 3 bar, Fig 5.b, although data is limited, good agree
ment is witnessed between the μg experiments and the reaction mech
anisms. At ф = 0.7, 1 g SL

0 is significantly higher from the 1 g 
configuration than the μg one, which may be due to the limited radii 
range available due to buoyancy triggered at very small flame radii, 
increasing extrapolation uncertainty. Results from FM with OTM show 
best agreement with measurements from Hayakawa et al. [11], which 
were not corrected for radiation.

Markstein lengths (Lb) are illustrated in Fig. 5c at 1 bar. It should be 
noted that very limited datasets of Lb are available in the literature. Both 
1 g and μg tests conducted in this study exhibit similar Lb across ф = 0.80 
– 1.2. However, an inflection point is observed for the μg tests between ф 
= 0.8 – 0.9, with Lb increasing with decreasing ф. This behavior could 
not be verified experimentally at 1 g due to buoyancy, but a plateau in Lb 
is observable for ф = 0.80 – 0.85. Qu et al. [35] numerically estimated 
Lb, observing a similar non-linear trend to that of the μg tests.

The positive Lb in this study for lean mixtures are opposite to the 
negative Lb values measured in [5,11], at ф = 0.8 – 0.9. As discussed 
previously, NH3/air flames exhibit a high sensitivity to the choice of rmin 
under lean conditions, with rmax being highly dependent on Eign, leading 
to a significant change in the flame stretch sensitivity prediction. 
Moreover, it is worth noting that none of the theoretical models predict a 
negative Lb, nor an increase in Lb at leanest conditions. Regarding the Lb 
estimates using FM, both the ADI and OTM model show good agreement 
with the measured 1 g results, except at ф = 0.8 when OTM is 
considered.

An increase in pressure results in a change in stretch-sensitivity 
under lean conditions as illustrated in Fig. 5d This is largely due to an 
increase in hydrodynamic instability due to reduced flame thickness and 
increased expansion ratio rather than an increase in thermo-diffusional 
instabilities (as Le and the Ze exhibit very little change, see SM). While 
the theoretical models predict a decrease in Lb with an increase in 
pressure, they are unable to predict the change in stretch sensitivity 
behavior observed under lean conditions. The ADI model shows best 
agreement with radiation uncorrected Lb, whereas the OTM model 
significantly overestimates the measured decrease in Lb under lean 
conditions.

Given the good agreement between the 1 g and μg experiments, it 
suggests that enforcing a parameter to define flame sphericity (rV/rH) 
could help limit buoyancy-related uncertainty to some extent, provided 
it is applied rigorously, combined with rmin selection. However, a 
broader test matrix would need to be evaluated to further validate this 
approach against μg results.

5. Conclusions

New experiments were conducted both in 1 g and μg conditions using 
the SEF configuration to investigate the spark-affected radius of NH3/air 
flames from lean to rich conditions and up to 3 bar. The results show that 
when the ignition is as low as possible to guarantee the self- 
sustainability of the initial flame kernel, NH3/air flames exhibit a pro
nounced non-linear transition from ignition to quasi-steady propaga
tion, with the flame shape influenced by buoyancy at smaller radii, 
especially in rich conditions. The critical ignition radius that has to be 
considered to perform extrapolation in the self-sustained regime for 
NH3/air flames is notably larger compared to CH4/air flames. Differ
ences can be primarily attributed to variations in flame thickness rather 
than Lewis number. The sensitivity of the unstretched flame speed and 
Markstein length to the minimum critical radius selection, especially in 
lean conditions (φ = 0.8 – 0.85) and ambient pressure, underlines the 
need for careful data processing to minimize uncertainty. The experi
ments in μg configurations confirm the results observed under terrestrial 
gravity, with both exhibiting similar non-linear stretch behavior at 
ambient pressure. The OTM model which takes into account species 
radiation overestimates the value of the Markstein length compared to 
classical adiabatic assumption particularly at lean conditions, for the 
appraised reaction mechanisms. Finally, fundamental theoretical 
models were appraised, showing qualitative agreement at 1 bar, but 
unable to capture the change in Markstein length at higher pressures 
requiring further analysis. These findings underscore the need for more 
comprehensive modeling and careful choice of data-processing range to 
accurately predict NH3/air flame dynamics.

Fig. 4. Influence of rmin choice on Lb for NH3/air flames.
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Novelty and significance statement

Ammonia/air flames require high ignition energy at atmospheric 
pressure, and their low burning velocity is significantly affected by 
buoyancy and radiation. These factors limit the applicable data post- 
processing range and introduce considerable uncertainty in deter
mining laminar flame speeds. The novelty of this research is to experi
mentally quantify the effect of ignition energy on early ammonia/air 
flame propagation, across a broad range of equivalence ratios, at 
ambient temperature, and up to moderate pressures (3 bar), with critical 
ignition radii determined for the first time. Furthermore, a flame sphe
ricity parameter was validated by comparing measurements under 
normal gravity (1 g) and microgravity (μg), helping to minimize 
buoyancy-related uncertainties. Radiation-corrected flame speeds 
measured under both gravity conditions were compared with theoretical 
models, one-dimensional simulations of stationary unstretched flames, 
and transient spherically expanding flames. The findings highlight the 
importance of robust modeling and careful selection of the data- 
processing range to accurately capture the behavior of NH₃/air flames, 
especially under lean conditions where improper handling can yield 
erroneous assessment of stretch-sensitivity.
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