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ARTICLE INFO ABSTRACT

Keywords: A unique experimental facility that can produce nominally unstrained one-dimensional (1D) diffusion flames
Ammonia is used to study the limit phenomena of flame stability and extinction of ammonia (NH;) blended with
Extln;t]lon varying levels of hydrogen (H,), methane (CH,), methanol (CH;OH), or ethanol (C,H;OH). Diffusive-thermal
Instabilities ‘ y

instabilities, including cellular-pulsating flames, are observed prior to extinction. The absence of significant
parasitic hydrodynamic effects, omnipresent in common research burners, enables the characterization of the
fundamental properties of the instabilities across a wide range of experimental conditions. Extinction is attained
by increasing the fraction of inert species (CO, or N,) in the fuel. For all fuel blends, increasing the ammonia
fraction is shown to favor extinction, and insights are provided via sensitivity and reaction pathway analyses.
The finite-rate chemistry is leveraged to compare 11 thermochemical reaction mechanisms through measured
extinction limits. Noticeable discrepancies with the experimental data and among the predictions from the
mechanisms are observed.

Novelty and significance statement: Existing experimental data on the limit phenomena of ammonia flames are
largely focused on premixed systems, and limited in fuel composition. In this paper, an unstrained diffusion
flame burner is used to study more than 70 mixtures of ammonia blended with hydrogen, methane, methanol
and ethanol, spanning ammonia fractions from 0 to 100%. Extinction limits are presented, which are of direct
relevance to the ongoing efforts to design efficient low-carbon engines, given the inherently low reactivity
of ammonia. These measurements also establish a new experimental benchmark for improving ammonia
reaction mechanisms, as significant discrepancies are observed among 11 commonly used mechanisms when
evaluated in this flame configuration for the first time. Diffusive-thermal flame instabilities, which are typically
obscured by parasitic hydrodynamic effects in conventional research burners, are observed prior to extinction.
These measurements provide rare experimental access to flame stability behavior in a configuration directly
compatible with theoretical flame stability models.

Diffusion flames
Reaction kinetics

1. Introduction Various fundamental aspects of NH; combustion have been in-
vestigated, including chemical kinetics [6], NO, [7] and soot for-

Interest in ammonia combustion has significantly increased amid mation [8], and turbulent flame speed [9], along with high-pressure

the ongoing quest for carbon-neutral alternative fuels [1]. NH; has a
higher heating value (HHV) that is on par with coal (22.5 MJ/kg), with
several studies demonstrating potential for use in internal combustion
engines and gas turbines [2,3]. However, compared to more tradi-
tional fuels such as natural gas, ammonia is associated with inferior
combustion properties, such as low flame speeds, narrow flammability
limits, and high ignition energies [4]. A common approach to enhance

combustion [10]. This paper focuses on the limit phenomena of sta-
bility and extinction of diffusion flames, which are highly relevant to
ammonia combustion systems due to the low reactivity of NH;. The
stability of diffusion flames is dictated by the Damkohler number (Da),
the ratio of the characteristic residence time over the reaction time,
as per the well-known S-shape response curve. At the Burke-Schumann

the combustion of NH; is to partially crack it into H, and N,, or
blend it with more reactive fuels that can be sourced from biological
processes, such as CH,, CH;O0H, or C,H;OH [5], to maintain a low
carbon footprint.

limit (D, - ), combustion is intense and stable. However, when the
characteristic reaction time is comparable to the residence time, the
flame becomes intrinsically unstable and prone to extinction [11].
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Fig. 1. Schematic representation of the unstrained diffusion flame burner showing (a) its cross-sectional view, (b) the 1D zone, and (c) a horizontal view image
of a 75-25% NH;—-CH;OH flame. (1) Burner support; (2) fuel injection plenum; (3) optically accessible combustion chamber (77.5 x 77.5 mm cross-section); (4)
extraction plenum; (5) exhaust tube; (6) fuel mixing chamber; (7) fuel injection block with 18 x 18 2-mm holes; (8) oxidizer injection 31 x 31 needles array
(I.D. 1.0 mm); (9) extraction 32 x 32 needles array (I.D. 1.2 mm); and (10) oxidizer mixing chamber.

While cellular instabilities in premixed NH; flames have been inves-
tigated [12], intrinsic flame instabilities in diffusion NH; flames remain
largely unexplored [13]. Contrary to premixed flames, the Darrieus—
Landau instability plays a secondary role in non-premixed flames,
which are primarily driven by diffusive-thermal effects that result in
cellular patterns at small Lewis numbers and pulsating instabilities
at large Lewis numbers [14]. The scarcity in NH; diffusion flame
instability data is perhaps a consequence of the nature of commonly
used research burners, which involve multidimensional strained or
sheared flows that are non-trivial to decouple from the intrinsic flame
instabilities [14]. Experimental facilities producing flames subjected to
minimal parasitic hydrodynamic effects are needed.

Unlike the dynamics of flame instabilities, the extinction limits of
NH; diffusion flames have been studied on several occasions using
counterflow burners in which extinction is attained by systematically
increasing the strain rate, which reduces the residence time in the
flame zone. Besides their practical importance in the design of efficient
combustors, experimental data on finite-rate chemistry phenomena,
such as extinction, serve as valuable tools for the validation of NH,
thermochemical reaction mechanisms, as shown in Colson et al. [15],
Alfazazi et al. [16], Murakami et al. [17] and Thomas et al. [18].
However, in contrast to the relatively well-documented strain-induced
extinction limits in these studies, data on dilution-induced extinction
are scarce. Dilution with inert species renders the flame prone to ex-
tinction by increasing the characteristic chemical reaction time. Besides
their importance for emission reduction strategies, dilution-induced
extinction limits would expand the existing experimental dataset for the
development of more robust NH; thermochemical mechanisms, which
are still associated with significant levels of uncertainty.

Thus, based on the two research gaps identified above, the goal
of this paper is to characterize the intrinsic combustion instabilities
and determine the dilution-induced extinction limits of a wide range of
NH;-H,, NH;-CH,, NH;—-CH;0H, and NH;-C,H;OH diffusion flames.
An intricate experimental facility that can generate nominally un-
strained diffusion flames, devoid of significant hydrodynamic effects,
is used. The simplicity of this flame configuration enables analytical
treatment of limit phenomena, permitting fundamental insights into
the characteristics of NH; flame instabilities, and comparing the new
extinction limit measurements with different thermochemical mecha-
nisms.

2. Experimental facility

Fig. 1 shows a schematic representation of the experimental facility
used to create 1D, unstrained diffusion flames. This configuration emu-
lates the classical chambered diffusion flame theoretical construct with
an upward bulk flow [19]. The combustion chamber is a square duct,
supplied with fuel from the bottom and exposed to constant conditions
at the top oxidizer side. Oxygen counter-diffuses downward against
the bulk flow of the combustion products to reach the flame, which
is unstrained as the flow is 1D and uniform throughout the combustion
chamber.

The burner was originally introduced by Jacono et al. [20], up-
graded by Robert and Monkewitz [21] to reduce the residual strain
rate below 0.05s1, and recently updated by Antar and Robert [22] to
accommodate liquid fuels. Details on the burner design and operation
can be found in these papers, and only a summary is provided here.
A perforated aluminum block is used to uniformly supply the fuel
from the bottom of the combustion chamber, while the oxidizer is
supplied from the top using numerous thin capillaries, between which
the products escape, as shown in Fig. 1(a). The injected oxidizer species
initially mix with the bulk flow of products in a locally 3D flow field,
referred to as the injection layer (~3 mm thick), below which they
counter-diffuse downward toward the flame in a nominally 1D flow
field, as confirmed by Laser Doppler anemometry (LDA) and mass
spectroscopy [21]. Therefore, 1D conditions that mimic the idealized
chambered diffusion flame are achieved over an effective length of
62 —3 =59 mm (Fig. 1b).

Upstream of the burner, NH; is mixed with H,, CH,, or pre-
vaporized alcohols (CH;0H or C,H;OH). The fuel is then diluted with
N, or CO, and supplied into the combustion chamber at the desired
inlet velocity (U) and a fixed temperature of 140°C. Details on the
fuel vaporization and mixing system can be found in [22]. A calibrated
mass spectrometer [23] is used to measure the species concentration at
the top of the combustion zone. The species concentrations cannot be
determined simply from the injected oxidizer stream, as a fraction of
the supplied O, is directly evacuated with the products and does not
make it beyond the injection layer (Fig. 1b). A type-R thermocouple
is used to measure the temperature at the top boundary. The probe is
ceramic-coated and inserted horizontally into the combustion chamber
to minimize catalytic effects and conduction losses from the vertical
temperature gradient.
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Fig. 2. (a) Front view of a pulsating NH; flame, (b) front view of a pulsating 75-25% NH;-CH;OH flame, (c) oblique view of a cellular H, flame, and (d) oblique

view of a 12.5-87.5% NH;H, cellular-pulsating flame.

3. Flame instabilities

The linear stability analysis of the general asymptotic theory of dif-
fusion flames by Cheatham and Matalon [24] applied to 1D unstrained
flow conditions yields a dispersion relation that dictates the character-
istics of flame instabilities, which are, to the first order, governed by
Leg, Leg, ¢, AT, and D,. Ler and Le, are the fuel and oxidizer Lewis
numbers, respectively, which are both important in non-premixed sys-
tems. The Lewis number is computed as Le = D, /D, with D, being
the thermal diffusivity of the mixture, and D the mixture-averaged
molecular diffusivity of the species of interest, both evaluated in the
flame zone using the model described in [22] and used in Section 5. In
this study, the value of Ley ~ 1.05 does not vary significantly across
the different flames studied. This is unlike Leg, which is computed by
weighing the Lewis number of each fuel species by its molar fraction
relative to the other combustible species in the blend, as in [22]. ¢ is
an equivalence ratio based on the fuel and oxidizer supply conditions,
referred to as the initial mixture strength [25]. It is computed as the
stoichiometry-normalized ratio of the fuel to oxidizer mass fractions at
their respective boundaries. AT is the temperature difference between
the fuel and oxidizer boundaries, kept roughly constant in this study.

Experimentally, flame instabilities are triggered by gradually in-
creasing the dilution levels starting from a stable flame. The type of
instability is largely dictated by the fuel composition. Planar intensity
pulsations are observed in NH; flames, as shown in Fig. 2(a). Pulsating
instabilities onset at large Lewis numbers, which are plotted in Fig.
3, and manifest as temporal variations in the reaction rate, causing
the flame position to oscillate. The pulsations occur at well-defined
frequencies, which are extracted from the flame videos as detailed
in [22], and plotted in Fig. 4. The pulsating frequencies are normalized
by the characteristic flow time, t;,,,, = Dy,/ U}, with U, being the bulk
velocity through the flame. The measured pulsation frequency increases
with mixture strength, consistent with theoretical predictions [26].

While CH;0H, and C,H;OH fuels also exhibit pulsating instabilities,
as well as CH, which was analyzed in our previous work [13], their
addition to NH; increases the pulsation frequency as shown in Fig.
2(b) and Fig. 4. The oscillations become faster also upon replacing CO,
dilution with N,, as shown by the gray symbols of Fig. 4. These trends
are fundamentally driven by the fuel Lewis number. As seen from Fig.
4, the pulsation frequency of flames burning different fuels scales the
same if their Lewis number is similar.

Another type of instability, cellular flames, is observed with hydro-
gen fuels, as shown in Fig. 2(c). Cellular instabilities manifest as spatial
variation in heat production, fragmenting the flame into multiple local
hot spots. Cellular instabilities onset at small Lewis numbers, which is
typical for hydrogen flames as shown in Fig. 3. The fundamental char-
acteristics of hydrogen cellular instabilities, such as cell size, have been
studied previously by Robert and Monkewitz [27], and are consistent
with theoretical predictions. Interestingly, when mixing low and high

Le fuels, such as H, + NH;, cellular and pulsating instabilities co-exist
in the flame, as shown in Fig. 2(d). Cells appear at the lowest intensity
point of the pulsation cycle (r = 0.16 s), which grow in amplitude before
merging together near the peak of the pulsation wave (¢t = 1.0 s), where
a planar flame is momentarily reestablished, before the repetition of
the cycle. The fundamental properties of these peculiar instabilities are
discussed in a dedicated publication [13].

4. Extinction limits

Fig. 5 shows the experimentally measured extinction limits in terms
of the total fuel fraction (mole fraction of all fuel species relative to
inert, Xp). The raw data are provided in the supplementary mate-
rial. Starting from a stable flame, Xy is gradually reduced in 0.25%
decrements until extinction is observed. Extinction was marked by
an abrupt and clear disappearance of chemiluminescence, which was
followed by a sharp change in the measured species concentrations at
the top oxidizer side. It is observed that increasing the fraction of NH;
relative to the other fuel species (Xyy,) significantly favors extinction.
For instance, with CO, dilution (sohd symbols), the extinction limit
goes from Xp = 10.0% to 15.75% when 50% NH; is added to CH,4,
and eventually becomes Xp = 35.75% for a 100% NH; flame (Fig.
5b). Blending NH; with C,HsOH provides the most ability to extend
the flammability limits (Fig. 5d), followed by CH, (Fig. 5b), CH;OH
(Fig. 5¢), and H, (Fig. 5a). For example, with CO, dilution, to avoid
extinction at a total fuel concentration of 17.5%, approximately 20%
C,H;OH has to be blended with NH;, which increases to 37% with CH,,
50% with CH;OH, and all the way up to 100% with H, (NH;-free). This
correlates with the molar HHV of the fuels, and thus, the characteristic
combustion temperatures, with C,H;OH being the highest at 1368
MJ/kmol followed by CH, at 890 MJ/kmol, CH;0H at 737 MJ/kmol,
and H, at 286 MJ/kmol.

While the trends are similar to CO, dilution, it can be seen in Fig. 5
(open symbols) that the flammability limits are wider, i.e. exhibit lower
overall X values, with N,. Data for N,-diluted NH;-H, flames are lim-
ited to Xyy, > 37.5% as cellular flame instabilities hinder the reliable
determination of the extinction limits at high hydrogen fractions. To
shed light on the different dilution effects of CO, and N,, commonly
categorized as inert, thermal/diffusion, and chemical effects [28], a
1D chambered non-premixed flame numerical model is implemented in
Python using the Cantera software package [29]. Details of the flame
model can be found in Antar and Robert [22], which is also used for
the kinetic modeling results discussed in the next section. The 50-50%
NH;-CH, case is considered, and four artificial inert species (XNHj;,
XCH,, XCO, and XN,) are introduced into the mechanism by Okafor
et al. [30]. These artificial species do not participate in the chemical
reactions, but have the same thermodynamic and transport properties
as their reactive counterparts. On the oxidizer side, the temperature is
set at 1127°C, and the species concentrations are such that ¢ = 1.0.
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Starting with the inert effect, a 50-50% XNH;-XCH, diluent is used,
and extinction is attained at Xy = 11%. This simply illustrates the
consequence of reducing the reactants concentration, with the diluent
having the same thermal and diffusive properties as the fuel (50-50%
NH;-CH,). To isolate the effect of changing the thermal and transport
properties of the mixture when diluting with CO,, i.e. thermal/diffusion
effect, XCO, is used as a diluent, which advances extinction to X =
11.5%. The thermal/diffusion effect of N, dilution, on the other hand,
significantly delays extinction to X = 6.25%, and increases the flame
temperature mainly because of the lower volumetric heat capacity of
N, compared to CO,. Finally, upon incorporating CO, in the chemical
reactions, extinction is further advanced to X, = 13.25%, while
negligible differences in the extinction limit and flame temperature
are reported when incorporating reactive N, species compared to XN,.
Hence, the extended extinction limits of N,-diluted flames compared
to CO, diluted ones in Fig. 5 can be attributed to the thermal/diffusion
properties of N, and chemical effects of CO,. Similar dilution effects
were also reported in syngas, non-premixed flames diluted in CO, and
N, [28].

To better understand these effects, sensitivity and reaction path-
way [31] analyses are presented in Figs. 6 and 7. Interestingly, the
sensitivities with nitrogen or carbon dioxide in the fuel mixture are
similar, which supports the affirmation above that the main cause for

the shift in the extinction limit is the higher flame temperature with
N,, which increases the rate of the reactions. Furthermore, only a few
reactions have a significant impact on the extinction limit, two of which
feature carbon dioxide (blue dashed box). Replacing CO, by inert XCO,
in the fuel blend presumably favors the exothermic conversion of CO
into carbon dioxide through the reactions CO + OH « CO, + H and
CH,s, + CO, < CH,0 + CO, which hinders extinction (chemical effect
identified above). In contrast, N, behaves as an inert third body in a few
key reactions, which explains that replacing N, by its inert counterpart
XN, has a minimal impact on the extinction limit.

The RPAs presented in Fig. 7 are remarkably similar with N, (solid
arrows) and CO, (dashed arrows) dilution, both in terms of the relative
rate of heat production and fraction of hydrogen atoms through the
individual paths. This confirms the limited impact of the diluent on the
chemistry, and supports that the main effect leading to lower values of
Xp at extinction with N, dilution is the higher flame temperature. It is
also worth noticing that an increasing fraction of the hydrogen atoms
are diverted from the methane oxidation route toward the hydrogen
abstraction pathway (NH; — NH, — NH) as the fraction of ammonia
in the fuel mixture rises. Since extinction is favored at higher ammonia
fractions, this implies that its chemistry is slower than the other fuel
(H,, CH,, CH;0H or C,H5;OH) in the blends.

5. Kinetic modeling

Eleven common thermochemical reaction mechanisms are evalu-
ated for the first time in the unstrained diffusion flame configura-
tion: Gas Research Institute (GRI3.0, 53 species and 325 reactions),
Okafor et al. [30] (Okafor2018, 59 species and 356 reactions), Uni-
versity of California - San Diego [32] (UCSD, 68 species and 311
reactions), Wang et al. [33] (Wang2021, 91 species and 444 reactions),
Kovaleva et al. [34] (Kovaleva2022, 59 species and 354 reactions),
Thomas et al. [18] (Thomas2023, 125 species and 1099 reactions), Mie
et al. [35] (Mie2021, 40 species and 257 reactions), Stagni et al. [36]
(POLIMI2020, 31 species and 210 reactions), Han et al. [37] (Han2019,
35 species and 177 reactions), Zhang et al. [38] (Zhang2021, 38 species
and 263 reactions), and the reduced mechanism by Shrestha et al. [39]
(Shrestha2025, 38 species and 307 reactions).

Fig. 5(a) presents the extinction limits predicted by different mecha-
nisms for NH;-H, blends. For CO, dilution, the results by the
Wang2021 model is the closest to the experimental data. The
Okafor2018 mechanism yields similar values to Wang2021 for in-
termediate NH; fractions (XNH3 < 75%), while UCSD, Thomas2023,
and Kovaleva2022 consistently underpredict extinction. Despite be-
ing in agreement with the experiments for moderate Xyy,, GRI3.0
produces an inconsistent dip at low NH; fractions. With N, dilution,



E. Antar et al.

® Exp —— Wang2021 —— Mie2021
—— GRI3.0 Kovaleva2022 —— POLIMI2020
—— Okafor2018 Thomas2023 —— Zhang2021
——UucsD Han2019 Shrestha2025
40.09 a) NHs-H,
= 3501
e
>2- 30.01
§ 25.01 €O, dilution —>
2
® 20.04
S
&
g 15.0 1 Y o N,
2
= 10.01
S
o
F 50
0.0 T T T T T
0 20 40 60 80 100
NH; fraction, Xyy, (%)
40.01 b)NH5-CH,
~ 35.0 1
g
>2- 30.0 1
c J
o 25.0
©
@ 20.0 4
el
&=
@ 15.04
S
=]
= 10.01
5
o
= 50
0.0 T T T T T T
0 20 40 60 80 100
NH; fraction, Xy, (%)
40.0 ¢)NH5-CH;OH
~ 35.01
g
30.0 1
<
3 j
o 25.0
k7
© 20.0 4
= CO; dilution —
© 15.0
S
= 100] 2 é
© Yl = P S
P
3 &0 Lo
= 504 °
0.0 = : " " " "
0 20 40 60 80 100
NH; fraction, Xy, (%)
40.01 d)NH;-C,HsOH
~ 35.0 1
g
>2- 30.0 1
c J
o 25.0
©
@ 20.0 4
-
=]
© 15.0
S
=
= 10.01
=
o
= 504
0.0 T T T T

" "
0 20 40 60 80 100
NH; fraction, Xyu, (%)

Fig. 5. Measured extinction limits and modeling predictions for
NH,-H,/CH,/CH;0H/C,H;OH at U = 189 mm/s. Open symbols and
dashed lines represent N, dilution. Error bars include the range of repeated
measurements.

Okafor2018 provides the best agreement for intermediate Xyy,, while
GRI3.0 prevails at XNh; = 75%. POLIMI2020, Thomas2023, UCSD,
Kovaleva2022, and Mie2021 constantly underpredict extinction, but
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are able to replicate the experimental trend, unlike the rest of the
mechanisms which exhibit an incorrect dip at Xyy, = 75%.

Fig. 5(b) compares the predicted and experimental extinction limits
for NH;-CH, blends. While the trends are consistent for the different
mechanisms for CO, dilution, the absolute values of the extinction
limits differ. UCSD and Thomas2023 underpredict extinction at low
and high Xyy, values, wheres GRI3.0 overpredicts extinction at mod-
erate Xyy,. Although the Okafor2018 mechanism is in quantitative
agreement with the experimental data for Xyy, < 75%, the Wang2021
mechanism provides the best agreement with the experiments across
all NH; fractions. Considering N,-diluted blends, it can be seen that
the predictions from all mechanisms are within the experimental uncer-
tainty with the exception of high NH; fractions, Xy, > 75%. Similar to
CO, dilution, GRI3.0 predicts the highest extinction total fuel fraction.

Fig. 5(c) shows the extinction limits of NH;-CH;OH blends pre-
dicted by the different mechanisms. The monotonically increasing ex-
perimental trend is captured by all models. As with previous CO,-
diluted blends, the extinction limits by the Wang2021 mechanism agree
best with the experiments, although underpredictions are observed at
high CH;O0H content. When diluting with N,, all mechanisms under-
predict the extinction limits, with Wang2021 being the closest to the
experimental data followed by Okafor2018.

Fig. 5(d) presents the extinction limits of NH;—C,H;OH blends. It
can be seen that the Wang2021 model agrees reasonably well with
the experimental data for both CO, and N, dilution. While the trends
are consistent with the experiments, UCSD and Thomas2023 underpre-
dict extinction, with the exception of low Xyy, values for N,-diluted
blends. The rest of the mechanisms are excluded since they do not
incorporate C,HsOH. Based on an overall error computed across all fuel
blends (supplementary material), the Wang2021 model shows the best
agreement with the experimental data, followed by Okafor2018.

6. Conclusion

The limit phenomena of flame stability and extinction are inves-
tigated for more than 70 distinct NH;-H,/CH,/CH;0H/C,Hs;OH fuel
blends diluted in either CO, or N,. A unique burner that can produce
nominally 1D unstrained diffusion flames, devoid of the parasitic hy-
drodynamic effects present in common research burners, is used to
observe and gain fundamental insight into the diffusive—thermal flame
instabilities that onset near extinction. Pulsating flames are observed
with NH;, whose frequency increases with the addition of CH,, CH;OH,
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Fig. 7. Reaction pathway diagrams tracking the flux of hydrogen atoms for 12.5-87.5% (left), 50-50% (center) and 87.5-12.5% (right) NH;-CH, fuel mixtures.
Only pathways transporting >3% of the H atoms are shown. The solid and dashed arrows correspond to flames diluted with N, and CO,, respectively, and are
colored by the relative rate of heat production of the individual paths (&,; is the volumetric rate of heat production by reaction i, N, is the number of chemical
reactions, and §; (s,,sl,) equals 1 if the reaction i involves both species forming the path (s, and s,,), and 0 otherwise). The flames were simulated with a value

of X 0.25% higher than extinction.

or C,HsOH, as the Lewis number becomes larger. Hydrogen fuel blends,
which have small Lewis numbers, produce cellular instabilities that
co-exist with pulsating instabilities when mixed with NHj;.

The finite-rate chemistry of extinguishing flames is leveraged to
compare 11 frequently used thermochemical reaction mechanisms with
experimental measurements. While most models are able to quali-
tatively reproduce the experimental trends, significant discrepancies
between the models remain when it comes to the absolute values of the
extinction limits. The experimental data presented in this paper, there-
fore, also establish a new benchmark for improving ammonia reaction
mechanisms, providing a foundation for their systematic refinement
and validation.
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