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Abstract: In this study, 3D premixed turbulent ammonia-hydrogen flames in air were studied
using DNS. Mixtures with 75%, 50% and 25% ammonia (by mole fraction in the fuel mixture) and
equivalence ratios of 0.8, 1.0 and 1.2 were studied. The studies were conducted in a decaying
turbulence field with an initial Karlovitz number of 10. The flame structure and the influence
of ammonia and the equivalence ratio were first studied. It was observed that the increase in
equivalence ratio smoothened out the small scale wrinkles while leading to strongly curved leading
edges. Increasing the amount of hydrogen in the fuel mixtures also led to increasingly distorted
flames. These effects are attributed to local increases in the equivalence ratio due to the preferential
diffusion effects of hydrogen. The effects of curvature on the flame chemistry were studied by looking
at fuel consumption rates and key reactions. It was observed that the highly mobile H2 and H species
were responsible for differential rates of fuel consumption in the positively curved and negatively
curved regions of the flame. The indication of a critical amount of hydrogen in the fuel mixture was
observed, after which the trends of reactions involving H radical reactions were flipped with respect
to the sign of the curvature. This also has implications on NO formation. Finally, the spatial profiles
of heat release and temperature for 50% hydrogen were studied, which showed that the flame brush
of the lean case increases in width and that the flame propagation is slow for stoichiometric and rich
cases attributed to suppression of flame chemistry due to preferential diffusion effects.

Keywords: combustion; ammonia; diffusion

1. Introduction

Hydrogen is set to become the most important energy source for the renewable
energies transition. With the conclusion of COP26, where more than 125 countries have
agreed to phase down coal and fossil fuels, the decarbonization of many sectors such
as residential heating and power generation can only be achieved through carbon-free
alternatives, such as hydrogen. However, due to its low energy density [1], the amount
of energy stored per unit volume, storing the large amounts required for these sectors
becomes expensive and large. Additionally, safe hydrogen storage is more expensive than
conventional fuels due to its high reactivity and diffusive nature [2]. One way to tackle this
issue would be to store hydrogen in the form of ammonia.

Ammonia is particularly attractive to the existing infrastructure and supply chain
due to its use in agriculture as a fertilizer [3]. Hydrogen can be recovered by either
cracking or by direct combustion of ammonia in gas turbines or additionally through
partial cracking [4]. Due to the relative simplicity of burning ammonia directly in gas
turbines, with some modification to existing designs, direct combustion of ammonia is
preferred over cracking [5].
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However, there are several challenges with using ammonia as a fuel in combustors.
The reactivity of ammonia is significantly lower than that of hydrogen or methane, which
means that current gas turbine combustors need to be redesigned for optimum performance.
To mitigate this, methane and hydrogen has been proposed as diluents to improve reactivity
and flame stability. To this end, to quantify the performance of hydrogen and methane as
potential diluents, Tang et al. [6] studied the effect of methane and hydrogen mixtures with
ammonia and observed in their experimental study that the addition of hydrogen has a
better effect of improving combustion performance over methane. Wiseman et al. [7] also
studied the blow-out behaviour of ammonia-hydrogen and methane flames, and arrived
at the conclusion that methane-air flames exhibit a stronger tendency to flame extinction
compared to ammonia-hydrogen flames.

Additionally, the nitrogen in ammonia leads to very high levels of NOx emissions,
making the use of ammonia as fuel especially challenging. Early research showed that rich
combustion of pure ammonia led to lower NOx as compared to lean mixtures [5]. Two-
stage humidified combustion strategies, known as Rich-Quench-Lean, have also shown
significant reduction in NOx emissions while providing good power output [8]. Although
recent interest in ammonia combustion has led to many numerical works on the turbu-
lent combustion behaviour of ammonia, these are mostly with industrial/semi-industrial
gas turbine combustor geometry and thus lack a fundamental approach. Moreover, we
found that studies on 3D simulations of premixed ammonia/hydrogen flames are small
in number.

Bioche et al. [9] studied rich ammonia-hydrogen flames using large eddy simulations
in a generic swirl burner. They observed that the performance of the swirl burner at
54% in the fuel mixture at an equivalence ratio of 1.5 was close to the performance of a
reference methane-air case at an equivalence ratio of 0.83. Somarathne et al. [10] conducted
a numerical study using LES on a low NOX swirl combustor with secondary air injection
at high pressure. They observed that for stoichiometric and rich flames, as the pressure
is increased, NO and unburnt NH3 emissions decreased, while there was no effect on
unburnt H2. They also observed that secondary air injection led to NO generation again
in extremely rich conditions. Many 1D flame studies have also been conducted to study
reaction pathways and to develop reaction mechanisms [4,11–14].

Recent fundamental studies include a study by Netzer et al. [15], who studied the
effect of curvature on NO formation using 2D DNS of turbulent planar flames. They
observed a correlation between NO and H and O radicals and the impact of H radicals
on NO formation in the curved flame surfaces. However, their study did not investigate
cases with very high amounts of hydrogen (by mole fraction). Rieth et al. [16] also studied
curvature effects on the burning rates of hydrogen/ammonia/air flames. They concluded
that the fast diffusing hydrogen radicals and molecules significantly impact the flame
chemistry with respect to flame curvature.

In this study, a 3D DNS study of turbulent spherically expanding flame kernels of
ammonia diluted with various levels of hydrogen at different equivalence ratios were con-
ducted to understand fundamental turbulent flame characteristics of ammonia-hydrogen
fuel mixtures. The UC San Diego mechanism with updated nitrogen chemistry [17] was
used for this purpose. The flame structure was qualitatively studied, along with the cur-
vature influence on flame chemistry. In the first section, the numerical setup is discussed.
In the second section, the results are presented with various observations, and finally, the
paper is concluded with key conclusions.

2. Numerical Set-Up and Conditions

DNS studies of spherically expanding turbulent 3-D flame kernels were conducted.
The DNS cases were run using an in-house finite difference code. The code uses the 6th
order compact differencing scheme from Lele [18] and the 5th order upwind scheme from
De Lange [19] for the convective terms to avoid numerical diffusion. The time discretization
was done using a 3rd order compact Runge–Kutta scheme [20]. The boundary conditions
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were modelled using the Navier–Stokes characteristic boundary conditions [21]. Subsonic
outflow conditions were imposed for all faces of the cubic domain used for this study.

A mesh dependency study was conducted by computing the flame position after a
fixed amount of time for various grid sizes, and the error between consecutive runs was
measured. The grid sizes were then reduced until no significant change in flame position
was observed between two consecutive grid size reductions. The study showed that the
solution becomes independent of the mesh when there are 14 grid points for the laminar
flame thickness. This was consistent with past studies using similar discretization methods.
The flame thickness was computed using the thermal gradient method. A time step of less
than 1e-8s was used, as this ensures stability of the code.

The initial turbulence was generated by convoluting a random stream function with a
filter. The gradient of the resulting field produces the velocity field. This way, the turbulence
is homogenous, isotropic and divergence-free, the latter by definition. The spectra of such
an initial field after it has decayed is plotted in Figure 1a. Although the initial turbulence
does not follow the −5/3 law, as it decays, the spectra relaxes to the −5/3 law.
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Figure 1. Characteristics of the initial turbulent field. (a) Turbulent energy spectrum of a sample
turbulence field. (b) Decay of turbulence intensity. The rms velocity has been non-dimensionalised
with initial rms velocity and the time has been non-dimensionalised with τ, the eddy turnover time.

The turbulence decays over time, as is seen in practical applications. The decay of
Urms for a non-reactive case has been plotted in Figure 1b. Initially, the turbulence decay is
slow, caused by adjusting a randomly initiated turbulence structure to a structure defined
by decaying homogeneous isotropic turbulence. This way, the reactive case can also be
initiated at a set Urms value.

The turbulence decay behaviour has been detailed in [22,23]. The integral length
scale can be selected by choosing a particular filter width. The chemistry was initialized
by converting a 1D flame, generated using CHEM1D [24], into a 3D flame kernel. It is
also of note that by superimposing the laminar initial condition, the velocity field loses its
divergence-free character. The cases studied in this paper are detailed in Table 1, where φ
is the equivalence ratio, Til is the laminar inner layer temperature, sl is the laminar flame
speed, v′ is the turbulent RMS velocity, lt is the integral length scale, l f is the laminar
flame thickness, Re is the Reynolds Number, η is the Kolomogorov length scale and τ

is the eddy turnover time. Re is computed as v′ lt
sl l f

, and Ka is computed as Ka2 = (v′/sl)
3

lt/l f

giving the ratio v′
sl

computed as Ka2/3
(

lt
l f

)1/3
, where Ka is the Karlovitz number. The cases

were selected to compare three equivalence ratios of 0.8, 1 and 1.2 and three ammonia
composition percentages of 25%, 50% and 75% in air at constant Ka of 10 at atmospheric
pressure. These test points fall in the thin reaction zone. Since we used a constant Ka and lt

l f
,

all cases can be represented by a single point on the Peters–Borghi regime diagram [25], and
the instantaneous turbulent velocity field is different for each case. Diffusion is modelled
using the constant Lewis approach, where the Lewis numbers are obtained from a 1D
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adiabatic flame solution computed using CHEM1D, an in-house 1D code [24], with a
multi-component diffusion model including thermal diffusion which is implemented in
the code using the EGLIB fortran library from Ern and Giovangigli [26]. The UC San
Diego [17] mechanism was used for this study due to its sufficient accuracy combined with
its short number of reactions and species. Although several other mechanisms for ammonia
combustion exist [27–33], these have large numbers of reactions and species, restricting
their use in DNS studies and hence were not considered for use in this study.

Table 1. Database of the simulation parameters used for the DNS studies.

Case % NH3 φ Til [K] sl [m/s] l f [m] v′

sl

lt
l f

Re v′ [m/s] η [m] τ [s]

A 75 0.8 1763 0.09 1.51 × 10−3 4.64 1 4.64 0.425 4.78 × 10−4 3.55 × 10−3

B 75 1.0 1847 0.14 1.13 × 10−3 4.64 1 4.64 0.673 3.58 × 10−4 1.68 × 10−3

C 75 1.2 1685 0.17 1.02 × 10−3 4.64 1 4.64 0.777 3.22 × 10−4 1.31 × 10−3

D 50 0.8 1644 0.27 6.08 × 10−4 4.64 1 4.64 1.258 1.92 × 10−4 4.83 × 10−4

E 50 1.0 1740 0.39 5.14 × 10−4 4.64 1 4.64 1.818 1.63 × 10−4 2.83 × 10−4

F 50 1.2 1749 0.43 4.94 × 10−4 4.64 1 4.64 1.978 1.56 × 10−4 2.50 × 10−4

G 25 0.8 1442 0.68 3.69 × 10−4 4.64 1 4.64 3.140 1.17 × 10−4 1.17 × 10−4

H 25 1.0 1493 0.97 3.38 × 10−4 4.64 1 4.64 4.492 1.07 × 10−4 7.53 × 10−5

I 25 1.2 1534 1.13 3.12 × 10−4 4.64 1 4.64 5.249 9.85 × 10−5 5.93 × 10−5

3. Results and Discussion
3.1. Flame Structure

The effect of turbulence on the flame chemistry and the flame structure is sensitive
to both mixture ratios and the equivalence ratio. In Figure 2, these dependencies can be
clearly seen.

Here, the positively curved regions are convex towards the reactants, and the nega-
tively curved regions are concave towards the reactants. For a constant mixture ratio, as
the equivalence ratio is increased, the flame starts to wrinkle with highly strained leading
edges. As for a constant equivalence ratio, as the percentage of hydrogen is increased, a
larger number of wrinkles with larger curvature values is observed. It is also observed
that the case with 50% ammonia with an equivalence ratio of 1.2 is different from the other
cases, but this is just a consequence of the randomness of the turbulence initialization.

The curvature can be studied quantitatively using the probability distributions shown
in Figure 3. The PDF was computed by fitting a normal distribution function over the
curvature values on the flame surface.

The spread of the PDF with lower amounts of hydrogen clearly indicate that although
the flame is wrinkled, the radius of the curvature is very large, i.e., the curvature values
are small. Taking an equivalence ratio of 0.8 as an example, we can see that the probability
is distributed among larger values of curvature as the amount of hydrogen is increased.
This indicates that the flame structure becomes more strained as the amount of hydrogen
increases. For a constant amount of hydrogen, as the equivalence ratio is increased, the
spread increases, indicating that the wrinkles with low curvature values are smoothed
out, leading to highly strained leading edges with strong curvature. These observations
can be explained with the preferential diffusion effects of hydrogen. In Figure 4, we see
the variations in local equivalence ratio due to the diffusion of hydrogen into positively
curved flame fronts. For the lean cases, for positive values of flame curvature, the flame
speeds will be considerably high since the equivalence ratio increases due to stoichiometry.
This leads to the points having a higher equivalence ratio to accelerate, thereby increasing
the wrinkling of the flames. Since the preferential diffusion effects of the flames increase
with the amount of hydrogen, the flame surface becomes more distorted as the amount
of hydrogen in the mixture is increased. As we increase the global equivalence ratio, in
stoichiometric and rich cases, the local equivalence ratio is pushed to rich levels, and
hence the points on the surface where the flame speed is higher than the rest of the flame
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reduce, generating the trend that the small-scale wrinkles are smoothed out as the global
equivalence ratio is increased. Further flame shape analysis can be conducted by looking at
the flame surface area, which will be studied in future publications.

Figure 2. Flame structure of all the cases after one eddy turnover time. The iso-surface is taken at the
inner layer temperature calculated from a one-dimensional freely propagating flat flame. The surface
is coloured with curvature values.
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Figure 3. Probability density functions of curvature on the flame surface (isotherms at laminar inner
layer temperature).
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Figure 4. Iso-surfaces of the flame kernel taken after one eddy turnover time, coloured with local
equivalence ratio. Significant deviation from the global equivalence ratio can be seen from this image.

3.2. Curvature Effects on Flame Chemistry

In Figure 5, the conditional averages of the source term of hydrogen have been plotted.
The averages are conditioned on the value of the progress variable, defined by the mass
fraction of H2O and notated as c. The progress variable is normalized using the maximum
and minimum values of the same from the corresponding one-dimensional unstrained
flame solution.

c =
YH2O −min(YH2O1D

)

max(YH2O1D
)−min(YH2O1D

)
(1)

The average is split into two components based on if the curvature is negative or
positive, and the values are scaled to the range of corresponding one dimensional un-
strained flames, similar to the progress variable. We see that the consumption of hydrogen
is enhanced compared to the laminar unstrained case for lean mixtures. Additionally,
for stoichiometric cases, the maximum consumption rate is more or less similar to the
unstrained case, but for the rich case, the consumption is reduced. This has to do with
the increase in local equivalence ratio, as seen in Figure 4. Additionally, the consumption
of hydrogen is most enhanced when the mixture has more ammonia. This is because the
spread of the source terms increases as the amount of ammonia is decreased, so while
the average might seem lower than the cases with more ammonia, the maximum values
are significantly higher (≈5 to 6 times). Moreover, for all lean cases, the consumption of
hydrogen is higher for positive curvature due to the enhanced equivalence ratio in these
regions, as detailed by Rieth et al. [16]. However, this trend is flipped when the global
equivalence ratio is increased.
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Figure 5. Conditional average of the source term of hydrogen split by positive and negative curvature.

As the equivalence ratio increases to stoichiometric and beyond, for a negative cur-
vature, the flame has a higher consumption of hydrogen compared to the lean case. To
understand this phenomenon, in Figure 6, the reaction rates of the most important reactions
involving hydrogen molecules have been plotted in a similar process as Figure 5.

For globally lean cases, reactions involving H2 as reactants will see enhancement of
the positive curvature as the local equivalence ratio increases for these curvature values.
However, as the global ratio is increased, these reactions are not further enhanced for
positive curvatures as the local equivalence ratio gets higher, and the points on the flame
front with negative curvature are now closer to the stoichiometric ratio. An H radical reacts
with NHx to produce H2. This reaction is enhanced again for a positive flame curvature,
since the production of an H radical is higher in these areas; however, this does not reduce
the H2 consumption since the reaction rates are approximately 3 to 5 times less than the
consumption reaction:

H2 + OH→ H2O + H (2)

It is also of note that the difference in the rates for negative and positive curvatures is
higher for the lean case, which can be related back to the fact that the flame surface for the
rich case has lesser spread in the local equivalence ratio.
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Figure 6. Reaction rates of reactions involving H2 doubly conditioned on curvature and progress
variables for 75% ammonia case.

In Figure 7, the source terms of ammonia have been plotted, similar to Figure 5. We see
that compared to the hydrogen source term, the deviation from the 1D unstrained laminar
flame for NH3 source term is lower, as expected, since the diffusive mobility for NH3 is
lesser compared to H2.

The trend observed for H2 is also seen here, where for positive curvature values, a
higher rate of consumption is observed, whereas the stoichiometric and lean cases have the
opposite trend. This is, however, only observed for the case with the most ammonia. We
see that as the amount of ammonia is reduced, for the lean case, the trend in which there is
higher consumption for positive curvature reverses, contrary to the behaviour of H2. The
major consumption reaction of ammonia is:

NH3 + OH→ NH2 + H2O (3)

The OH radical here becomes the rate limiting species. The main reactions through
which OH is produced are:

H + O2 → OH + O (4)

HO2 + H→ 2OH (5)

H2O + O→ 2OH (6)
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Figure 7. Conditional average of the source term of ammonia split by positive and negative curvature.

The reaction rates of these reactions have been plotted in Figure 8.
Equations (4) and (5) are OH production reactions which involve H radicals and are

enhancedfor positive curvature for the highest amount of ammonia, while the opposite
is observed when the amount of ammonia is reduced. Although we know that hydrogen
radicals are focused at the flame front with negative curvature values [16], the contradictory
behaviour observed for the most amount of ammonia could be due to the fact that the H
radical pool in the cases with the most ammonia is sufficiently low such that it is consumed
before any diffusion processes enable focussing of the radical in the negatively curved flame
front. Since the H radical is produced more in the flame fronts with positive curvature,
due to the increase in the local equivalence ratio, the OH-producing reactions involving H
radicals are higher for a positive curvature. As the amount of ammonia is decreased, the H
radical pool gets larger, and there is sufficient time for the diffusion process to focus H in the
flame front with negative curvature, hence increasing the reaction rates of OH-producing
reactions. This means that the NH3-consuming reactions increase for negative curvatures
as the amount of ammonia is reduced. This also hints at a critical amount of hydrogen in the
fuel mixture at which the signs of the curvature affect the concentration of H radicals. This
has effects on NO reactions as well, which is discussed further. The final OH-producing
reaction, Equation (6), involves H2O, which will have higher concentrations for positive
curvatures due to a higher equivalence ratio, hence enhancing the reaction.
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Figure 8. Reaction rates of key reactions involving the consumption of NH3 and production of OH
radicals at a constant equivalence ratio of 0.8 for 75% and 25% NH3. The y-axis for the 25% case is on
the right.

In Figure 9, the source term for NO has been plotted in the same way as the source
terms for NH3 and H2. Similar to the source term of hydrogen, we see the enhancement of
the NO source term for lean cases, while for rich cases, we see decreased NO production
compared to corresponding one-dimensional unstrained flames.

We also see that for the highest amount of ammonia, the NO source term is only
slightly different between positive and negative curvature values at higher values of c,
and for lower values of c, there is a negative source term. The negative values are higher
for negative curvature. However, when the amount of ammonia is reduced, increased NO
production is seen for negative curvature values compared to positive curvature, and this
difference increases with decreasing ammonia across all equivalence ratios. This is because
the main reaction for NO production in lean conditions is

HNO + H→ NO + H2 (7)

This reaction is enhanced for negative curvature for the case with the least amount of
ammonia, while the opposite is observed for the highest amount of ammonia, as can be
seen in Figure 10.
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Figure 9. Conditional average of the source term of NO split by positive and negative curvature.
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Figure 10. Reaction rates of NO-producing reaction for a constant equivalence ratio of 0.8 for 75%
and 25% NH3. The rates for the 25% NH3 case have been plotted on the right y-axis.

This can also be explained similarly as for the trend observed for the source term
of NH3, where the H radical, although it is supposed to enhance reactions for negative
curvatures, does not for the highest amount of ammonia due to a possible competition
between the reaction and diffusion timescales of the species. Additionally, the increased
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consumption of NH3 for negative curvatures also causes fuel-borne NO emissions, which
contributes to the increased production of NO. Finally, the negative source terms disappear
as the percentage of ammonia is decreased, since the reduction of NO is rate-dependent
on fundamental reactions involving NH3 [3]. For rich cases, Netzer et. al [15] observed
that the main pathway for NO is through Thermal-NO, and since the adiabatic flame
temperature for negative curvatures are higher, due to the local equivalence ratio being
closer to stoichiometry, the NO production is also higher. The practical implication for this
is that if the curvature of the flame can be controlled in the combustors, a balance between
positively curved and negatively curved flame surfaces could be achieved where the NO
production is reduced.

In Figure 11, the source terms of N2O have been plotted just as the source terms of NO.
Interestingly, unlike previous source terms, the production of N2O remains consistently
higher in the negatively curved regions across all equivalence ratios and mixture ratios.
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Figure 11. Conditional average of the source term of N2O split by positive and negative curvatures.

This is because the major N2O producing reaction is

NH + NO→ N2O + H (8)

This reaction is dependent on the NH mass fraction, which has higher a production
for negative curvatures due to its dependence on H radicals, which are more concentrated
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for negative curvatures, as discussed in the previous sections. This has been plotted in
Figure 12. At higher values of c, the source terms become negative, and here the sensitivity
to the sign of the curvature becomes negligible. This is mainly governed by the reaction:

N2O + H→ N2 + OH (9)

The reaction has been plotted in the second figure in Figure 12.
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Figure 12. Conditional averages split by the sign of the curvature for reaction rates of N2O reactions
for 50% ammonia at a stoichiometric equivalence ratio.

3.3. Time Evolution of Temperature and Heat Release

The effects of preferential diffusion and turbulence on the flame also affect the heat
release and temperature. By looking at time evolutions of these, the effects of the variations
in flame chemistry observed in the previous section on the flame can be studied. In
Figure 13, the conditional mean of the heat release at different non-dimensional values of r,
the radius from the centre, has been plotted for 0.5, 0.75 and 1 eddy turn over time for a
50% ammonia and 50% hydrogen case.

Figure 13. Conditional average of heat release averaged over r for 50% hydrogen.
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The radius is non-dimensionalised using the maximum radius of the domain, D.
Taking the case with φ = 0.8, the peak heat release decreases as the flame expands. Ad-
ditionally, we still see some heat release in the core of the kernel, which decreases as the
equivalence ratio increases. As the equivalence ratio is increased to 1, there is a significant
reduction in heat release from a 0.5 to 0.75 eddy turnover time, and then it more or less
remains constant for 1 eddy turnover time. We also see that the flame brush widens over
time as the equivalence ratio is increased, but not for the rich condition. For the rich flame,
as the flame expands, the flame brush remains more or less constant, but the peak heat
release increases. We also see that the peak moves closer to the centre.

In Figure 14, the conditional mean of the temperature at different non-dimensional
values of r, the radius from the centre, has also been plotted. In all cases, we see a slight
increase in temperature at the core. We see that in the lean case, the flame propagates the
most in the 3 time instances we have selected for analysis. It is also of note that for an
equivalence ratio 1 at a 0.5 eddy turnover time, the temperature gradient is quite high
across the flame brush, which then smoothens out. This is correlated with the sharp peak
in heat release seen in Figure 13. For the rich case, the flame propagation is low, which can
be attributed to the fact that the flame chemistry is significantly suppressed, as discussed
in the earlier sections.

Figure 14. Conditional average of temperature averaged over r for 50% hydrogen.

4. Conclusions

A DNS study of turbulent premixed expanding ammonia-hydrogen flames in air
was conducted. The study was conducted for various equivalence ratios and amounts of
hydrogen in the fuel mixture at a constant Karlovitz number of 10.

The key conclusions from the study are :

• Due to variations in local equivalence ratio, the flame surface is distorted for all cases;
• As the equivalence ratio is increased for each amount of hydrogen, the flame surface

smoothens out, forming strongly curved leading edges with positive curvature;
• As the amount of hydrogen is increased, the flame structure becomes more wrinkled

due to the increase in spread of the local equivalence ratios as the preferential diffusion
effects of hydrogen becomes stronger.

The effect of flame curvature on flame chemistry was also studied by looking at source
terms of key species such as H2 and NH3 and NOx emissions.
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• Due to the increase in equivalence ratio to near stoichiometry for all lean cases, the
reactivity of all reactions are increased compared to the unstrained flat flame cases;

• For all rich cases, the opposite is observed again as the equivalence ratio is pushed to
high levels, decreasing reactivity;

• The effect of the sign of the curvature influences the flame significantly. The role of
the H radical is quite important in this perspective;

• The existence of a critical amount of hydrogen in the fuel mixture is observed, af-
ter which the trend of some reactions with respect to the sign of the curvature
is flipped speculated to be due to competing reactive and diffusive timescales of
hydrogen radicals.

The effect of curvature on NO emissions also showed that NO source terms showed
significant sensitivity to the sign of the curvature, with the rates increasing in the negatively
curved regions significantly.

Averaged temperature and heat release profiles over r were also studied. The anal-
ysis showed that at higher equivalence ratios, flame propagation is lower, which can be
correlated to turbulence chemistry interactions.

Further research is required to quantify some of these effects and to study possible
consequences in practical applications. Additionally, similarly to Rieth et al. [16], the effect
of diffusion parameters of molecular and atomic hydrogen needs to be studied for higher
amounts of hydrogen in the fuel mixture to study the impact on the flame chemistry. The
effect of explicitly including Soret and Dufour diffusion effects on the flame chemistry is
also needed to understand implications of various diffusion models on the accuracy of
current numerical models. Further study is also needed to fully understand the correlation
of H radical concentration and curvature based on the fuel mixture. Additionally, the flame
structure can be further quantitatively studied with comparisons of flame surface area.
Finally, experimental comparisons have been planned for the cases studied in this paper.
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