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Abstract: Ammonia is recognized as a potential hydrogen carrier but increasingly as a carbon free fuel for all energy
applications. However, significant challenges exist in ammonia combustion due to its low flammability, low burning intensity
and the potential for high detrimental emissions. This mini review article focuses on the state of the art in understanding the
specifics of turbulence-flame interaction of partially cracked and uncracked ammonia in the expanding spherical flame
configuration. The paper highlights the need for experimental data coupled with DNS to develop useful modeling tools that
accurately predict the specific response of the ammonia flame to the turbulence front.
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1. Introduction

Ammonia is increasingly been recognized not just as a
hydrogen carrier but as a carbon-free fuel in its own right [1].
Despite notable progress in the power sector, especially with
Gas Turbines (GT) [2] Internal Combustion Engines (ICE)
[3], and more recently, industrial burners [4], the use of
ammonia in combustion systems continues to pose challenges.
These difficulties are mainly due to the intrinsic combustion
characteristics and the potential emissions it may produce.
Issues such as ammonia’s slow burning velocity, narrow
flammability range, and high ignition energy often result in
reduced burning efficiency, flame instability, and difficulties
with flame extinction in practical systems [5-7]. Most review
papers concluded that to address some of these challenges, one
promising strategy is the ‘on board’ production of hydrogen
to enhance ammonia combustion. This is obtained by a
cracking system (thermal, electric or plasma) to partially crack
ammonia. The addition of hydrogen in all combustion
technologies enhances flame properties like ignition and the
flame development process.

The use of ammonia, either alone or blended with hydrogen,
in combustion technologies requires significant advancements
in the combustion process. In fact, even for hydrocarbon fuels,
combustion remains one of the least understood physical
processes. This is because combustion occurs at the interface
between turbulence - a complex, nonlinear phenomenon in
fluid mechanics - and chemistry, which, despite ongoing
research, is still not fully understood and involves high
activation energy chemistry. For the past fifty years, a major
effort of combustion research has focused on turbulence-
flame interaction studies, by identifying key governing
parameters, to accelerate  science-based predictive

capabilities, to guide design, operation, and fuel formulation
for practical combustion devices.

Although significant progress has been made with
traditional fuels such as hydrocarbons, the validation and/or
the improvement of these models must now be expanded to
new zero-carbon fuels, e.g., ammonia (NHs), hydrogen (Hy),
or various synthetic fuels that may exhibit very different flame
characteristics and thermo-diffusive properties compared to
conventional carbon-based fuels, especially as the shift to a
zero-carbon future accelerates.

The fundamental concepts of turbulence-flame interaction,
based on the pioneering works such as those of Lewis and von
Elbe [8], Borghi [9], Peters [10] and Williams [11], have been
refined through advances in theoretical understanding, more
sophisticated optical diagnostics and direct numerical
simulations, increasingly valuable due to the exponential
increase in computing power. However, when focusing
specifically on ammonia, the current state of knowledge on
complex interaction between fluid dynamics, molecular
transport and combustion chemistry in flames is still in its
early stages.

The turbulent flame speed is crucial for the operation of
both ICE and GT. In ICE, it controls the burning rate, while in
GT, it influences the flame angle relative to the flow, thereby
affecting the flame location. Over the past few decades,
turbulent flame speed measurements have been performed
using different experimental set-ups and fuels. The
configuration of the expanding turbulent flames (Fig. 1) is of
significant interest, as the flame surface and the enhancement
of flame speed are influenced solely by turbulent vortices,
rather than by a mean flow and there is no local impact on the
stabilization process as in turbulent jet.

Under turbulent conditions, symmetrically distributed fans
(as indicated in orange in Fig. 1) create a central zone where
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Fig.1 Schematic of a spherical combustion chamber.

the turbulence is considered homogeneous and isotropic. For
spherically expanding flames, Bradley et al. [12], introduced
the notion that the unburnt gas volume inside a sphere is equal
to the burnt volume outside it. This reference is used to
estimate the turbulent burning velocity, approximating the
turbulent flame propagation as if it is a planar flame front. In
this approach, both the mass and entrainment turbulent
burning velocities are considered equal. Therefore, the
instantaneous turbulent flame propagation is defined as the
instantaneous turbulent burning velocity multiplied by the
expansion ratio, estimated as St = odR¢/dt, with Ry, the flame
radius extracted from the flame images assuming spherical
shapes and o the expansion ratio.

Turbulence is characterized in such flow fields by the
turbulence intensity, u’ and the integral length scale, Lt. The
turbulent intensity is proportional to the fan speed, whilst Lt
is dependent upon the vessel size [13] and the blade pitch
angle of the fans [14]. However, while there is a clear relation
between the propagation speed of a laminar flame front and

its stretch rate, the acceleration mechanism of turbulent
expanding flames is more complex. As discussed extensively
in the literature [15,16], there is no universally agreed-upon
definition for characterizing the propagation of turbulent
flame, with uncertainty arising from experimental and
measurement techniques as well as varying flow conditions.
Several scaling laws for turbulent flame speeds, normalized
by the laminar burning unstretched velocity, S.° have been
suggested as summarized in [17] to provide a universal
formula to predict the dependence of turbulent flame speed on
basic turbulence and mixture characteristics.

Due to the different but complementary fundamental
characteristics of ammonia and hydrogen, partially cracked
ammonia (NHs/Hz or NHas/H2/N, mixture) can provide
different hydrogen concentrations to enhance the burning
velocity in comparison with 100% NH3 and to control it in
comparison with 100% H,. Only a few studies exist on the use
of NHs/(H2+N2) blends when operating under turbulent
conditions of interest and at temperature and pressure more
representative of realistic systems, as can be seen in Table 1.

This paper therefore reviews recent insights into the turbulent
flame behavior of ammonia-based fuels from experimental
and numerical results obtained by Direct Numerical
Simulations (DNS) in the context of freely expanding flames.
The review is structured as follows: first, it covers the
characteristics of turbulence-flame interactions, turbulent
flame speed correlations and finally it discusses local flame
structures.

Table 1 — Summary of literature review — All references below employ the spherically expanding flame configuration (Q, O, content in O,+N,, n = fan)

Authors (Year) [Ref] Mixture Composition Equivalence Pressure Temperature u Lt
Ratio (@) Unburnt (Py) Unburnt (Ty) (m/s) (mm)
Xia et al. (2020) [18] NHg/air (Q = 0.4) 06-1.6 1 bar 298 K 0-1.29 20.9
Hashimoto et al. (2021) [19] | NH;-CH, (0 — 100%) 04-17 1 bar 298 K 0-5.80 20.9
Wang et al. (2021) [20] NHgs/air (Q =0.25-0.4) 1.0 0.1-0.3 MPa 298 K 0.78-2.34 ~23
Lhuillier et al. (2021) [21] NHs, NH3/H,, NH3/CH,4 0.9 0.54 MPa 445 K 1.04-1.73 34
(up to 15% H, or CHy)
Dai et al. (2022) [22] NH3/CH,4 (20,40,60% NH3) 1.0 1-3bars 298 K 0.91-2.72 | 16.44(1-0.99"
Dai et al. (2023) [23] NHa/H, (50,80% NHs) 0.8,1.0,1.3 1-5atm 298 K 0.91-2.72 | 16.44(1-0.99")
Wang et al. (2023) [24] NHa/H, (40,50,60% NH3) 0.6,0.9 1-5bars 373K 0.78-2.34 ~23
Zitouni et al. (2023) [25] NHs, NH3/H,, NH3/CH,4 1.0 1 bar 298 K 0-0.82 2.6
(up to 60% H, or CH,) 423 K (NH3)
Zitouni et al. (2024) [26] NHs/Hy, (5 —50% H,) 0.8,1.0,1.2 1 bar 298 K 0-1.13 2.6
NHa/H,/N; (5 — 40% PCA)
Cao et al. (2024) [27] NHa/H, (60,40,20% NH3) 1.0 0.1-0.3 298 K 0.85-2.53 9.2-16.9
MPa




2. Turbulent Flame Speed of NHs
2.1 Turbulent Combustion Regime

The fundamental characteristics of laminar ammonia
combustion, such as the unstretched laminar flame speed (S.°)
and laminar flame thickness (8.), are key parameters that play
an important role on the turbulent combustion processes. In
the case of ammonia flames, S.° peaks at ® ~ 1.05-1.1, with
a value around 7 cm/s [28-30]. Under oxygen enhanced
combustion, 40% O, (Q = 0.40, Q= O, content in O,+Ny)
results in a five-fold increase in NH3 S.°, with laminar burning
velocities comparable to those of CH,4 [31]. Furthermore, it is
interesting to notice that NHs; exhibits closer pressure
exponents to zero than CH,, whilst displaying higher
temperature exponents than those of CH, [29,32]. As such, it
seems higher temperatures and pressures would be considered
desirable for practical combustion systems.

When Hz is blended with ammonia or simulated through
partially 'cracked' ammonia (PCA) mixtures (NHs/H2/N,), S.°
increases exponentially as the H, content rises, with Si%max
shifting towards richer fuel conditions. A 40% H; addition (or
30% of PCA) results in S.° values similar to CH, [26,33].
Ammonia exhibits a significantly thicker laminar flame, with

distance Y [mm]

the preheat zone being 3 to 4 times thicker and the reaction
zone 5 to 6 times thicker compared to that of CH, or H..
However, a small addition of H, (20%) results in decreasing
the flame thickness by half.

Due to the very distinctive characteristics of NH3 flames,
including low S.° and large flame thickness, significant
differences in timescales relative to hydrocarbon flames lead
to different flame responses to the turbulence as highlighted
in Fig.2. Zitouni et al. [26] and Wang et al. [24] observed that
after the dissipation of initial ignition energy, NH3 flames lose
their spherical shape and develop elongated “tube” or “strip”
shapes, as shown in Fig. 2 (a - ). They attributed this to the
slow laminar burning velocity of NHs, noting that increasing
the NHj3 content slows down the flame speed. As the time to
reach the same flame radius increases the impact of gravity
becomes more significant, leading to thicker flames and
greater instability. Yang et al. [34] noted ‘smoother flame
structures’ were observed under rich conditions compared to
lean conditions, a finding also supported by DNS work from
Mukundakumar et al [35], shown in Fig 2 (d). Under turbulent
conditions, intrinsic ~ laminar ~ flame  instabilities
(hydrodynamic and/or preferential-diffusional) interact with

75% NH3, 25% H2, ¢ =1.20
1 atm b iz
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Fig.2 (a) NHg/air flame (u’=0.82, ® = 1) [25], (b) flame contour of NHa/air (u°=0.82, ® = 1) [25], (c) flame contour of NHa/air (u’=0.78, ®=1, Q

=0.25) [20], (d) 2D DNS profile of 75% NH; — 25% H, flame (@ = 1.20) [35]
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Fig. 3 Literature NH3z-based fuels and DNS on the Peter-Borghi diagram.

NH, and NH, — H, mixtures
% Wang et al. — NHs/H, (40%, 50%, 60% H,)
® O =0.6and 0.9; T=373K, P=1- 5 bar [24]
<0.6 0 Dai et al. — NHz/Hz (50%, 80% NH3)
0 =0.8,1.0,1.3; T=298K, P =1 - 5 Bar [23]
0.7 % Lhuillier et al. — NHs/H; (15% H.)
@ =0.9, T=445K, P=0.54 MPa [21]
0.8 © Zitouni et al. — NH3, NH3/H; (up to 60% Hy)
O =1.0; T=298K (T=423K - 100% NH;) , P=1 bar [25]
AZitouni et al. — NHz, NHs/Hz (5% — 50% H,)
0=0.8-1.0-1.2T=298K, P =1 bar [26]
O Fanetal.—NH; 0 =0.8-1.2, Jet Flame [41]
3 Khamedov et al. — NH; @ = 0.8 — 1.2, DNS [37]
¢ Mukundakumar et al. — NH,/H, (25% - 75% H,), DNS [35]
X Yang et al. NHs/Ha (15% H,), © = 0.9 — 1.1), DNS [34]
Partially Cracked Ammonia Flames (NH; —H, — N,)
O Zitouni et al. — 0% — 40 PCA%
O =0.8-1.0-1.2T=298K, P =1 bar (14% — 50% H,) [26]
0 Khamedov et al. -, @ = 0.81, DNS [38]
Oxy — NH;:
W Xia et al. — NHz/Air ({102 = 0.40)
O =0.6—-1.4,T=298K, P=1 atm [18]
¥ Wang et al. — NHs/Air (o2 = 0.25 - 0.40)
= 1.0, T=298K, P=1 — 3 atm [20]




the disturbance effects of multi-scale turbulent eddies,
modifying and increasing small-scale flame stretching and
wrinkling, which accelerates the flame. Ichimura et al. [36]
investigated the extinction characteristics of pure NHs/air
flames and found that although the maximum S.° for NHjs is
at ®= 1.05, leaner mixtures, particularly at ® = 0.9, provide
better resistance to turbulence-induced extinction compared to
richer mixtures. The authors highlighted the potential thermo-
diffusive accelerating effects of lean NHa/mixtures, which
exhibited Le slightly below 1.

The structures of turbulent premixed flames are
commonly classified into different regimes of combustion,
with the boundaries of these regimes classically delimitated
by parameters such as Damkahler (Da), Karlovitz (Ka), and
turbulent Reynolds Number (Rer), with Da referring to the
ratio of the rate of chemical reaction to mass transport,
expressed as Da = (S.%’).(Lt/5.) and Ka, the ratio of
chemical to turbulent time scale, Ka = (5./S.°)/(L+/w’). Fig. 3
illustrates the positioning of the various NHs-based literature
experimental data and those from selected DNS [34,35,37,38]
studies on the Peters- Borghi diagram [39]. Most of these
published datasets fall within the thin reaction (1 < Ka < 100)
or the corrugated (wrinkled) flamelet regime zone. In these
regimes, while the flame surface is significantly deformed, it
still maintains flamelet behavior for large eddies. Small-scale
eddies can penetrate the preheat zone, enhancing mass and
heat transfer rates, which broaden or ‘thicken’ the turbulent
flame brush. However, the reaction zone remains thin and
unaffected by the eddy motion, preserving a laminar structure
[39]. Skiba et al. [40] proposed that flame thickening occurs
when the turbulent diffusivity (u’/S.%) exceeds the molecular
diffusivity (L+/3.) by a factor of 180 within the preheat layer.
Their experimental results conducted at high turbulence (Ka =
550) showed no broken or distributed reaction layers. Both
these boundaries are depicted in Fig. 3. The only NH; study to

fall within this high turbulence zone is that of Fan et al. [41].
Their results indicate that even at Ka = 1000, the thin NH
reaction layer (considered to represent the fuel consumption
zone) is not broadened by small-scale eddies. This suggests
that the thin reaction zone theory may still be applicable to
ammonia/air flames at high Ka (Ka >> 100). Other studies
[42] suggest that flame thickening could affect both the
preheat and reaction sheets beyond this boundary. However,
it remains uncertain whether the flame broadening
phenomenon occurs in spherical expanding flames. This has
an expected consequence on turbulent flame speed
enhancement by H; or O, as will be discussed later.

2.2 Turbulent Propagation Speed

The initial flame front is can only be wrinkled by the
smallest sized eddies, smaller than the flame size, continually
growing until the flame kernel incorporates the entire
turbulence spectrum [43]. As such, the flame propagation
speed is expected to reach a plateau at some point. It is of
interest to note that even for large combustion vessels, in most
of the studies no clear distinct plateau experimental data
[21,26,43-46] is reached, as can be seen in Fig. 3(a).
Therefore, the experimental determination of St needs to
consider other definitions. The value of St is considered as the
average of the quasi-linear increase of dR¢/dt, by taking the
slope of best-linear fit [44], directly by taking into account the
time differentiation [45], or as the last possible measurable
value (at the maximum of radius [21,43]), while Wu et al. [46]
introduced a volume-averaged St expression (Stmean), also
used by Wang et al. [24]. Last, in the case of freely-expanding
flames, Lipatnikov and Chomiak [47] argued that the
extrapolating Sr values as a function of global stretch rate
(Kgiobal = 0) might provide a more universal estimate of Sr.

Xia et al. [18] studied turbulent Oz-enriched NH3

combustion, as displayed in Fig. 3(b) illustrating the results of
St and S.° from lean to rich conditions at various u’ (0. 32 —
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Fig.4 (a) Turbulent flame speed as a function of mean flame radius with increasing u” and P at 298 for O, = 0.35 [20] Turbulent of laminar flame speed
as a function of equivalence ratio for (b) NH3/air (O, = 0.40) [18] and (c) Partially Cracked Ammonia (NH3/H,/N,), at 298 K and 1 bar [26]



1.29 m/s). Increasing u’ yields enhanced flame speed,
attributed to an increase in the flame surface area. The typical
bell-curve shape of S.° as function of @ is maintained. The
authors noted that the ratio of turbulent to laminar flame speed
(St/SL% increases more significantly under lean conditions
than under rich conditions, at a given u’. This was attributed
to preferential diffusion, as lean O,-NH3 mixtures have lower
Le values than rich mixtures: for Q = 0.40, Le = 0.94 at ® =
0.6 and 1.08 at ® = 1.6). Wang et al. [48] also studied oxygen
enriched NH; flames under elevated pressures (0.1-0.3MPa)
and varying u” (0.78 — 2.34 m/s). They concluded that the
St/S.° ratio decreased with increasing O content, primarily
due to an increase in S.° rather than Sr.

Regarding H, enrichment to NHsz; flames, Fig 3 (c)
illustrates the St and S, ° trends in the case of PCA flames. As
expected, even if the content of N, in the PCA acts as a small
addition of diluent, similar trends are observed for binary
NHa/H, flames [26]. Lean mixtures exhibit highest St, which
decreases as @ increases for a fixed turbulent intensity,
consistent with other studies [23,24]. This behavior contrasts
trends observed in the case of oxy-enriched NH; combustion
at it can be seen in Fig.3(b) [31]. Indeed, at rich conditions, St
values are closer to the corresponding S.° values, with some
cases showing slower flame speeds, without the much-
expected increase in flame speed due to the turbulence, at least
under weak u’ < 0.65 m/s (Fig 3c). A similar behavior is
observed for a 50NH3/50H,, mixture at ® = 1.3 and u” = 0.91
m/s as reported in [23].

Lhuillier et al.[21] first observed that up to 10-15% H;
enrichment in NHs, the normalized turbulent flame speed
increases due to the enhancement of molecular diffusivity
provided by H,. However, further enrichment leads to a
"bending" response, where the normalized St decreases with
increasing H. content. This decrease in S+/S.° with increasing
H, content was also observed in other studies [23,24,26].Yang
et al. [34], performing DNS with detailed chemistry,
investigated turbulent, spherically expanding NHs/H; flames
under similar unburnt conditions and turbulence intensities as
in [21]. They also observed the bending effect for S+/S.° at
approximately 10% H,, not only in lean but also in
stoichiometric and rich conditions. Various explanations were
proposed, notably regarding the position of such flames on the
Peters-Borghi diagram. Zitouni et al. [26] suggested that this
"bending" occurs for ammonia flames near the Ka = 100 limit,
marking the transition from the thin reaction to the broken
reaction regime. In this latter regime, the smallest
Kolmogorov eddies can both thicken the flame and penetrate
the reaction zone structure. At this limit, it has been theorized
that reaction layers may become broken or distributed,

however this seems unlikely considering the results of [41].

The measured trends in turbulent flame speed are typically
explained through a combination of preferential-diffusion
(Le) or stretch-related behavior represented by Ly, the burning
Markstein length, which accounts for the enhanced (or
reduced) burning rate under lean (or rich) conditions
[23,26,31,47,48]. For spherically expanding flames, the
outward propagation leads most flamelet to exhibit positive
curvature, resulting in positive stretch rate. Thus, when L,<0
(as Le<1), which is the case for lean NH3 (©<0.8), NH3-H;
blends (®<0.8) and Oz-enriched NHj; flames (®<0.7), the
turbulent flamelet experiences accelerated flame propagation,
a process that is further enhanced with increasing turbulence.
This is somewhat supported by the work of Khamedov et al.
[37] who used DNS to investigate the propagation behaviour
of turbulent, premixed NH3 and blends with H, and N, flames
(® = 0.81 and 1.2). For rich NHs-based flames, the peaks of
the probability density function (PDF) for local flame speed
displacement and curvature are smaller than the
corresponding laminar values, resulting in reduced turbulent
flame propagation. In contrast, for lean flames, the peaks
match the laminar values, indicating an increased turbulent
flame speed. These findings are consistent with experimental
trends observed in [23,26,31,36,48]. Finally, regarding the
influence of pressure, increasing the initial pressure reduces the
viscosity, which in turn increases the Reynolds number, leading
to an enhancement in turbulent flame speed. This effect has been
observed in both oxy-NHz combustion [48] and NH3-H, blends
[23].

2.3 Scaling lows for Turbulent Propagation Speed

Recent studies [21,23,24,26,31,48] have strived to find a
scaling law for St of NHs-based fuels. This type of universal
correlation remains useful for 0-1D engineering modelling
tools. Several expressions of of St/S ’have been evaluated
with different parameters such as u’, S.°% &, Ly, Le or Ma,
where Ma is the Markstein number, i.e. the ratio of Lyto &_ or
also characteristic combustion properties, Ka and Da.

For O, — enriched NHj3 flames, Xia et al. [31] proposed a
linear relationship between Ka and S1/S.°. However, despite
the significant uncertainty, the authors noted that the results
for the leanest (O = 0.6) and richest (® = 1.6) mixtures deviate
from this relationship due to a combination of preferential
diffusional effects (® = 0.6) and lower flame temperatures (®
= 0.8). Dai et al. [23], building on the work of Kiagawa et al.
[49], who showed that St/S.° ~ (Re-Le?)a for lean H, flames,
proposed a modified version of the Bradley et al. correlation
[50]. The new formulation St/S.° = a(Rer fame-Le?)®, replaces
the Reynolds number (Re) with the turbulent flame Reynolds
number (Re,rrame, €valuated with respect to the radius), which
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Fig.5 Correlation of St in the form of S¢/S.° /Ka = A(Da/Le)®.

better accounts for the self-similar characteristics of spherical
expanding flames. These modified correlations showed good
agreement between NHs/H; and syngas/air flames. Lhuillier et
al. [21] introduced a correlation based upon Da corrected
St/S.° against Ka, while Wang et al. [24] revised this by
incorporating the influence of Le, resulting in the expression
St/S.%Ka = A(Da/Le)B, where A and B are equal to 0.37 and
0.81, respectively. Fig. 5 demonstrates this correlation against
NHs-based literature data, all employing spherically
expanding flames (except [41]), across a range of
temperatures and pressure (as indicated in the legend) and of
Lt (~2.64-45 mm). The datasets also include the CH, data
from Jiang et al. [51] as a baseline for comparison, along with
experimental NHs/air jet-flame data from Fan et al. [41] at
high Ka (Ka > 100). As can be seen from Fig.5, a very good
correlation is observed, collapsing well into the empirical
formulation, with the pre-factor and constant values matching
those reported in [24,26].

For cases where Ka >> 1 and Da << 1 (e.g. H> < 15%; ® =
0.8 -1.0 [26], and Jet NHa/air flames[41]), indicated by the
black square in Fig. 5, significant deviations are observed.
DNS data from [52] suggest that the classical power
exponents of scaling laws in the form of St/S.°
(uw’/S1)*(L1/8.)® are mainly controlled by the transition from
different combustion regimes (Da <<1 to Da >> 1). The lower
the Da the more pronounced dependence of St/S.° on L+/3y,
transitioning from St/u’~Da%% to St~u’, for Da <<1 to Da >>1,
respectively; this effect potentially contributing to the
differences observed for Da<<1, in Fig. 5. Moreover, the
different mixtures exhibit very different turbulent and
chemical times scales, leading to distinct global and local

NH, and NH, — H, mixtures
x Wang et al. — NHs/H, (40%, 50%, 60% H.)
@O =0.6and 0.9; T=373K, P=1- 5 bar [24]
B Dai et al. — NH3/H; (50%, 80% NHs)
®=0.8,1.0,1.3; T=298K, P =1 -5 Bar [23]
¥ Lhuillier et al. — NHs/H; (15% Hz)
O = 0.9, T=445K, P=0.54 MPa [21]
A Zitouni et al. — NHs, NHs/H; (5% — 50% H,)
0=0.8-1.0-1.2T=298K, P =1 bar [26]
@ Fanetal.—NH;® =0.8—-1.2, Jet Flame [41]
Partially Cracked Ammonia Flames (NH; —H, — N,)
@ Zitouni et al. — 0% — 40 PCA%
0=0.8-1.0-1.2T=298K, P =1 bar (14% — 50% H,) [26]
Oxy — NH;:
X Wang et al. — NH3/Air (Qoz2 = 0.25 —0.40)
®=1.0, T=298K, P=1 — 3 atm [20]
CH,:
b Liang et al. — CH,/Air [51]
®=0.9, T=300- 423K, P=1-5 atm

flame structures which will be further discussed in the
following section.

3. Global and local Flame structure of NHz

Any change in initial conditions, such as turbulence, initial

conditions, mixture, ultimately affects the flame
characteristics. At the local level, these changes are
particularly evident on the flame surface, influencing

phenomena such as flame stretching, wrinkling, and curvature
distribution. Ichimura et al. [36] and Hashimoto et al. [19]
investigated turbulent flame propagation limits of NH3 and the
relationship with Ka. Both studies conclude that at @ = 0.9,
NHa/air (as well as Oz-enriched NH3; and NH3/CHy4) flames
exhibited best resistance to induced turbulent extinction and
could withstand highest Ka, at room temperature and pressure.
They attributed this behavior to the changes in stretch (Ma or
Ly) and preferential diffusion (Le). However, it remains
important to note that even for low addition of Hy, Le remains
around 1, and that the measured Ly trend keeps on decreasing
after ® = 0.9, which should theoretically enhance resistance
to stretch-induced extinction. There is, however, a trade-off
between S.° and Ma. While several experiments [19,28,30]
observed a decrease in L, with decreasing ®, recent DNS work
[53] and theoretical analysis [30] suggest a non-linear L-
relationship with @ with a minimum point at ®=0.9, which
aligns with the experimental findings of Ichimura et al. and
Hashimoto et al. [19,36]. Recent zero-gravity tests [54], which
eliminate buoyancy, also reveal stretch-dependency patterns
similar to those predicted by theory [30] and DNS studies [53].

In [25], where the average wrinkling flame ratio of NH3 and
NH3-H, blends was examined, it was observed that at the



lowest turbulence intensity, all flames exhibited similar
wrinkling ratios, suggesting similar flame structures.
However, at higher u’, flames with higher NHj; content
exhibited a sharper increase in the wrinkling ratio, as
illustrated in Fig. 6(a). Wang et al. [24] and Xia et al. [18] also
confirmed that for constant equivalence ratio, pressure, and
hydrogen (or oxygen) content, increasing u’ intensifies the
wrinkling due to stronger turbulence, which reduces the
Taylor and Kolmogorov scales. Yang et al. [34] observed
fewer wrinkles under rich conditions compared to lean
conditions, a finding that was confirmed by DNS studies
conducted by Mukundakumar et al [35]. Overall, factors such
as NHjs content, O, content, turbulence intensity, equivalence
ratio, and pressure influence the surface flame wrinkling.

Zitouni et al. [25] used Mie-scattering tomography to
investigate the mean flame curvature by averaging local
curvature values along the flame front. They observed that the
mean flame curvature decreases from positive to an
asymptotic value near zero over time. As the flame expands,
the ratio of convex (positive curvature) to concave (negative
curvature) fronts balances. They noted that all investigated
blends exhibit similar levels of dispersion in terms of average
curvature and standard deviation, regardless of the turbulence
intensity (u”), suggesting similar wrinkling instabilities. On a
local level, Zitouni et al. [55] analyzed changes in the
probability density function (PDF) of local curvature
distribution for NHs and its blends with H, or CHa, as
presented in Fig. 6(b). They showed that trends in wrinkling
agree well with local curvature PDF, with an increase in u’
resulting in a decrease in the peak and a widening of the PDF,
with average curvature slightly > 0. It is also noticed that a
non-monotonous trend in PDF peak as a function of H;
addition, as illustrated in Fig. 6b.

Based on DNS, Mukundakumar et al. [35] and Yang et al.
[34] also analyzed changes in the PDF of local curvature
distribution for NH; and NHs/H,, as illustrated in Fig. 6c.
They found the greatest spread in the PDF for flames with the
highest NH3; content, indicating that although the flame
surface is wrinkled, the curvature radius is large, meaning the
curvature values are small. For a constant amount of Hy, as the
equivalence ratio increases, the spread of curvature increases
as well, suggesting that small wrinkles with low curvature are
smoothed out, leading to strongly curved, highly strained
flame fronts. These observations can be explained by the
preferential diffusion effects of H,. As the H, content
increases, the preferential diffusion effects enhance, distorting
the flame surface more. Increasing the global equivalence
ratio (especially in stoichiometric and rich cases) forces the
local equivalence ratio to reach richer levels, reducing the

35
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Fig. 6 (a) Flame wrinkling ratio as a function of flame radius, u’ = 0.82
[25], (b) Probability density functions of curvature at 1 eddy turn over
time for various NH3-based mixtures, u” = 0.82 [55], (c) Probability
density functions of curvature for ® = 0.8 and (h) ® = 1.2 of NHz-H;
blends [35]

flame speed at points on the surface, smoothing out small-
scale wrinkles. It must be pointed out that for these last results
the amount of H; is very high from 25% to 75% on vol,
enhancing the influence of specific H, behaviour. Despite
these findings, local flame analysis of NHs-based flames
remains limited, with significant research gaps regarding the



interaction between the flame front and turbulence, flame
morphology, and local turbulent flame structure.

3. Conclusions

This mini-review paper offers an overview of the current state
of turbulent combustion research concerning ammonia-based
fuels, using the spherical expanding flame configuration. While
significant advancements have been made in understanding NH3
combustion, several challenges persist. To further enhance our
comprehension of ammonia combustion, there is a need for more
high-fidelity simulations that can better clarify the interactions
between the flame front and turbulence. Additionally, further
experimental investigations under high-pressure conditions are
required, essential for developing more accurate combustion
models at practical application relevant conditions. Lastly, the
development of advanced combustion concepts that more
effectively capture the distinct characteristics of ammonia
combustion remains a critical area for future research.
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