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ABSTRACT

The formation of nitrogen oxide (NO) in wrinkled laminar NH3/H;/N,-air premixed flames is investigated
utilizing two-dimensional Direct Numerical Simulation (DNS) with detailed chemical kinetics as well as
one-dimensional freely propagating flame calculations. The spatial pattern of NO formation is observed
to be closely linked to flame curvature and affected by thermo-diffusive effects acting on key chemical
species. Preferential diffusion of H, into convex-shaped portions of the flame front leads to a local in-
crease in equivalence ratio. This change in local equivalence ratio is found to prominently affect the NO
formation. If the fuel-oxidant mixture is globally lean, a local increase in equivalence ratio strengthens the
NO formation (locally); in a globally rich fuel-oxidant mixture, conversely, the NO concentration will be
reduced in correspondence of local increments of the equivalence ratio. A sensitivity analysis with respect
to NO formation reveals that decomposition of NH, is governed by two competing pathways: the decom-
position via NH and N to N, on the one hand and the oxidation via HNO to NO on the other hand. The
local radical pool, which is affected by preferential diffusion of H, and depletion of O,, and the local fuel-
oxidant mixture ratio jointly strengthen further local differences between H,-depleted (concave-shaped)
portions of the flame front and Hy-enriched (convex-shaped) ones. This is confirmed across a wide range

of equivalence ratios from lean to rich conditions.

© 2021 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Hydrogen (H,) represents the simplest and one of the clean-
est energy carrier for large scale thermal energy conversion and its
widespread deployment in the energy sector, if realized, represents
one of the most promising strategies to reduce the dependence on
fossil fuels and simultaneously reduce atmospheric pollution. This
applies both to power generation with pre-combustion carbon se-
questration, where hydrogen is produced e.g. at large scale from
natural gas in conjunction with carbon dioxide capture and storage
[1], and to large-scale energy-storage schemes, where hydrogen is
produced from water electrolysis using intermittent excess power
from non-dispatchable renewable energy sources (wind, sun) [2].
In the context of large-scale and long-term (seasonal) energy trans-
port and storage, refining hydrogen to ammonia (NH3), as a con-
venient carbon-free energy carrier, constitutes a viable and eco-
nomic alternative to liquefied or highly compressed hydrogen. This
is due to the fact that, at moderate pressure, the higher boil-
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ing temperature of ammonia compared to hydrogen greatly sim-
plifies its transportation and storage in liquid phase. While the
energy penalty of ammonia synthesis from H, and nitrogen (N,)
[3] compares with that of the hydrogen liquefaction process, the
energy density of ammonia exceeds that of liquid hydrogen by 57%
(3.724 MWh/m3 versus 2.368 MWh/m?3, respectively). Furthermore,
due to the widespread utilisation of ammonia in agriculture and as
refrigerant, commercial technologies are already in place for pro-
duction, transportation and storage of ammonia with an excellent
safety record despite its characteristic toxicity.

The presence of a considerable differences between the com-
bustion properties of ammonia and methane (conservatively con-
sidered here as a lower-reactivity representative of natural gas) im-
plies that burner design necessarily becomes rather sub-optimal in
respect to the exploration of fuel flexibility in gas turbines. While
early studies have indicated an obvious inadequacy of neat ammo-
nia as a gas turbine fuel due to its poor reactivity compared to
conventional hydrocarbons [4], a significant number of studies has
been published on combustion of hydrogen/ammonia with air (e.g.
[5]) or hydrogen/ammonia/methane with air (e.g. [6] in order to
mitigate the low reactivity of neat ammonia. Also, a number of
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more recent studies based on rich-lean fuel staging have shown
encouraging results [7,8]. Combustion tests with fuel blends con-
sisting of mixtures of ammonia and hydrogen are indeed under
investigation within industrial demonstration framework! In this
context, it is interesting to note that partial cracking of ammonia,
to form opportunely selected fuel mixtures of ammonia, hydrogen
and nitrogen, has a good potential to improve the overall reactiv-
ity of the fuel and its combustion performance rendering it more
suitable to gas turbines originally designed for use with natural
gas. Production of nitrogen oxide (NO) through fuel chemistry in
the combustion of ammonia and ammonia-containing fuel blends
often is, however, a detriment requiring a detailed study of its for-
mation mechanism with the ultimate objective of obtaining com-
bustor design guidelines for its mitigation.

Recent studies from the open literature also found that, in am-
monia combustion, a more prominent impact on the formation of
NO is caused by the equivalence ratio in respect to thermal effects,
however all of these earlier studies discuss global rather than lo-
cal differences in the equivalence ratio. Sabia et al. [9] investigated
the NO formation in NHj/air-mixtures as function of inlet tem-
perature and equivalence ratio in a jet stirred flow reactor. They
concluded that NO formation is strongly affected by the equiva-
lence ratio with increasing dependency on higher temperatures.
Sorrentino et al. [10], from their cyclonic burner measurements
of ammonia conversion in the mild combustion regime, concluded
that a major impact of the stoichiometry on NO formation at var-
ious inlet temperatures and nominal thermal powers is present.
Likewise, the papers by Somarathne et al. [11] and Okafor et al.
[12], suggest that, due to the strong dependency of NO formation
on equivalence ratio for gas turbines, a two-stage rich-lean concept
is favourable to control the NO formation in NHs3/air-mixtures.

The present work deploys the recently updated nitrogen-
chemistry subset of the San Diego mechanism [13] in conjunction
with two-dimensional (2-D) Direct Numerical Simulation (DNS)
performed with the S3D code [14]. The fundamental characteris-
tics of wrinkled laminar NH3/H,/N,-air premixed flames is inves-
tigated to quantify and explain NO concentration trends across the
relevant range of fuel-oxidant ratios for gas turbine combustion,
spanning from fuel-lean to fuel-rich conditions. 2-D DNS, featur-
ing detailed chemical reaction kinetics, is a well-established (and
now relatively affordable) numerical modelling approach that has
been widely used in past fundamental combustion studies to ac-
curately quantify the local effects of curvature, stretch, Lewis num-
ber, pocket formation and consumption, and non-homogeneous
distribution of temperature and/or species on the propagation
and spontaneous ignition characteristics of wrinkled laminar pre-
mixed flames [15-23]. Although the present work does not claim
to closely (and rather ambitiously) reproduce the turbulent com-
bustion process taking place in realistic burner geometries at gas
turbine conditions, DNS of 2-D geometrically simple flames pro-
vides nevertheless useful insight into key, rate-limiting fundamen-
tal mechanisms that also take place in more complex flame config-
urations. These calculations are, as such, relevant to the improved
understanding and the further development of industrial combus-
tion applications. In our investigation, adopting the same funda-
mental methodological approach as in earlier studies, we provide
a detailed insight into the spatial patterns of NO formation that
take place in wrinkled laminar flames characterized by different
global stoichiometric conditions and subject to various degree of
strain and curvature, locally in the reaction layer. This is to im-
prove our understanding of the chemical pathways and of their

1 BIGH2/Phase IIl - "Enabling safe, clean and efficient utilization of hydrogen
and ammonia as the carbon-free fuels of the future” - CLIMIT-Demo Project Num-
ber 617137 performed by SINTEF, NTNU, Siemens Industrial Turbomachinery and
Equinor ASA.
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interaction with the characteristic thermo-diffusive instabilities of
hydrogen flames, that ultimately lead to different levels of NO for-
mation from combustion of NH3/H;/N,-air mixtures. The paper is
organized as follows: Section 2 describes the numerical method
and the flame configurations simulated, Section 3 presents the DNS
results and provides an interpretation based on chemical reaction
kinetics considerations, while Section 4 summarizes the present
findings and suggests topics for further work.

2. Numerical implementation and simulation details

The S3D code, developed at Sandia National Laboratories [14], is
employed to perform the DNS of NH3/H;/Ny-air premixed flames.
The solver discretizes the Navier-Stokes equations for a reactive,
multi-component, compressible fluid on a 1024 x 512 Cartesian
mesh that covers a rectangular domain of 2 cm X 1 cm, thereby
providing a spatial resolution of approximately 20 pm. Spatial
derivatives are computed with an eighth-order, explicit, centered,
finite-difference scheme (third-order one-sided stencils are used
at the domain boundaries in the non-homogeneous directions) in
conjunction with a tenth-order, explicit, spatial filter to remove
high frequency noise and reduce aliasing error [24]. A fourth-
order-accurate, six-stages-explicit, Runge-Kutta algorithm [25] is
employed for time integration and the time step is fixed to 5 ns
throughout the simulations. The spatial resolution adopted, jointly
with the spatial and temporal discretization methods, is sufficient
to accurately resolve the flame structure and all diffusive, reac-
tive, and dissipative scales of the target reacting flows, even at
the most severe level of stretch applied to the wrinkled flames.
The ability of the DNS code to correctly resolve the flame struc-
ture results from the combination of the formal numerical order
of accuracy of the spatial discretization scheme and of the reso-
lution adopted in the simulations (20 pum), this was verified in
a series of one-dimensional unstrained and strained laminar pre-
mixed flame DNS calculations (not shown). A mixture-averaged ap-
proximation is employed for the diffusion coefficients that are for-
mulated in terms of the binary diffusion coefficients and the mix-
ture composition, where the binary coefficient matrix is symmetric
and the diagonal elements are zero. Furthermore, thermal diffu-
sion (the Soret effect) is included in the model formulation for the
species diffusion velocities because of its prominent role in mix-
tures containing hydrogen. Boundary conditions (BC) are periodic
(cyclic) in the y-direction, perpendicular to the mean flow of the
fresh reactants that enter the domain from the inlet positioned at
x = 0 cm. The simulations are initialized from a freely propagating
planar laminar flame solution through a progress variable (C) map-
ping that, at the beginning of the time stepping, places a reaction
layer of appropriate thickness at x = 1 cm (the reaction progress
variable C is a parametrization of the flame structure that is equal
to 0 in the fresh reactants and 1 in the burnt products). We define
the progress variable C using the equilibrium (subscript eq) mass
fraction of water for each global equivalence ratio investigated, re-
spectively:

C= M‘ (1)
YHZO,eq

The combustion products exit the computational domain from
an outlet placed at x = 2 cm. Notably, for the domain inlet
and outlet, acoustically non-reflective inflow and outflow bound-
ary conditions are adopted according to the Navier-Stokes char-
acteristic boundary conditions (NSCBC) methodology. The NSCBC
implementation in S3D is largely based on the formulation first
described by Poinsot and Lele [26] and includes some modifica-
tions later suggested for the S3D code specifically [27]. A random
2-D flow field with a prescribed Passot-Pouquet energy spectrum
(quantitatively characterized by a rms velocity fluctuation of v’ =
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Fig. 1. Illustration of the 2-D computational domain with text labels marking the
boundary conditions and color patterns highlighting the instantaneous shape of the
wrinkled flame. The lines represent isovalues of z-vorticity (dashed for negative val-
ues).

1 m/s and an integral length scale of Lt = 0.8 cm) is superimposed
onto the mean flow that enters the domain and induces wrinkling
of the premixed flame front. The turbulent Reynolds number repre-
sentative of the pattern of velocity fluctuations that is imposed on
the flow field is estimated to be approximately Re; ~ 144. However,
it is important to note that the present DNS study is not intended
to provide an accurate representation of turbulent flames, whereas
the synthetic turbulence is rather used as a mean of achieving a
well-characterized wrinkling of the flame front. For the full du-
ration of the time stepping, the mean flow velocity at the inlet
boundary is adjusted, at each time step, so that the total amount
of fuel that instantaneously enters the domain matches exactly the
fuel instantaneously consumed by the combustion process (inte-
grated throughout the computational domain). This procedure war-
rants that the mean flow velocity is approximately equal to the
propagation speed of the wrinkled flame front thereby ensuring
that the latter remains within the central portion of the compu-
tational domain (approximately). A sketch of the computational
setup is provided in Fig. 1 specifying the boundary conditions im-
posed and highlighting the interaction of the flame front with the
2-D flow field. All of the computations reported here pertain to at-
mospheric pressure conditions and to a reactants’ temperature of
750 K.

The fuel blend mixed with air and introduced at the domain
inlet consists of 40% NHs, 45% H, and 15% N, (by volume). This
specific fuel blend is selected for the present investigation because
its combustion in air results in adiabatic flame temperatures T,
(unstrained) laminar flame thicknesses §; and velocities S; that are
very close to typical values observed for combustion of methane
(conventional gas turbine fuel) in air [13] (more prominently so
at fuel-lean conditions). Accordingly, due to its combustion sim-
ilarities with methane at relevant conditions, this is considered
a good candidate fuel mixture in a targeted search for potential
carbon-free drop-in fuels substituting hydrocarbon fuels across a
wide range of combustion devices. The present choice, however,
does not necessarily imply that this specific mixture represents the
most suitable fuel for actual deployment in gas turbines and gas-
fired reciprocating engines applications but, in the authors’ view,
it is rather to be considered as a good starting point. Additionally,
in order to complement results from combustion of the target fuel
blend, a different fuel blend consisting of 72% NHs, 21% H, and
7% Ny (by volume) is also included in the present analysis. This
is meant as a representative case for the process of partial crack-
ing of ammonia that is conducted to a lower extent, thereby re-
quiring a smaller amount of waste heat from the thermodynamic
cycle (gas turbine or internal combustion engine). Extensive vali-
dation of all candidate fuel blends will have to include static and
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dynamic flame stabilization (flashback and combustion dynamics
control) and control of pollutants (NOx, N;O and NH3; emissions)
and is beyond the objective of the present investigation.

Six different values of the equivalence ratio @ for the burnable
fuel-oxidant mixtures are investigated in the present study, ® =
0.3, 045, 0,8, 0.9, 1.0 and 1.1, spanning from ultra-lean to mod-
erately fuel-rich conditions in order to explore NO formation pat-
terns throughout the stoichiometric range relevant to gas turbine
combustors with advanced fuel staging (e.g. Siemens’ Rich-Pilot-
Lean, or RPL, stage integrated with a second pilot and a main stage
[28]). Laminar flame properties for the fuel blends investigated are
given in Table 1.

3. Results
3.1. Qualitative features of the flame front

In order to provide a qualitative overview of the spatial patterns
observed for key radical species, Figure 2 illustrates the instanta-
neous flame front, subjected to wrinkling with convex (center of
curvature on the products’ side of the flame, in the following re-
ferred as “convex” or “cx” in later figures) and concave (center of
curvature on the reactants’ side of the flame, in the following re-
ferred as “concave” or “cc” in later figures) characteristic shapes. A
considerable variance in the spatial pattern of mass fraction NO is
observed in the vicinity of the reaction zone. In the case of very
lean mixtures, for ® = 0.3 and 0.45, the convex-shaped portions
of the flame front exhibit higher NO concentration than the con-
cave ones; this trend is reversed upon crossing the threshold of
0.9 equivalence ratio and for stoichiometric and rich conditions (&
= 1.0, 1.1). At ® = 0.8, NO is more uniformly distributed along
the flame front although a slight decrease in its mass fraction can
be observed at the cusp pointing towards the burnt products, i.e.
concave. Please note that, for better and more immediate compar-
ison, while at the higher equivalence ratios (® = 0.9, 1.0, 1.1) it
was possible to obtain nearly identical wrinkled flame fronts (due
to similar flame velocities), at the lower equivalence ratios (¢ =
0.3, 0.45, 0.8) the same convenient visualization was not possi-
ble because of largely different temporal evolution of the flame
fronts (due to different flame velocities). Figure 3 quantifies the lo-
cal change in OH and NO mass fractions and temperature down-
stream of the flame reaction layer. In the course of the present
analysis, we define the reaction layer for values of the progress
variable between 0.6 <C < 0.8 (corresponding to the vicinity of
the peak heat release rate) while higher values C > 0.8 are defined
as "downstream of the flame reaction layer”. The NO mass frac-
tion and other properties are analyzed along lines normal to the
flame reaction layer defined using isolines corresponding to peak
heat release rate (this methodology is described in more detail in
Section 3.2). In Fig. 3 the absolute maximum and minimum values
of the NO mass fraction, for each value of the global equivalence
ratio, is selected over the simulation time. These are related to the
average increase, or decrease, in NO mass fraction downstream of
the reaction layer for concave and convex portions of the flame
front, respectively. For the chosen values of the NO mass fraction,
OH and temperature’s corresponding values are selected and re-
lated to their mean. The observed local changes in OH and NO
mass fractions are more pronounced at very lean conditions, with
70% and 40% respectively, and at rich conditions with changes up
to 50% and 30% respectively, whereas close to stoichiometry (® =
0.8 and @ = 0.9), the local changes in OH and NO mass fractions
are significantly lower. The observed changes in the local tempera-
ture are, however, smaller with a maximum variation of 7% and do
not show the same distinctive trend as NO and OH.

The portions of the flame front that are characterized by higher
NO concentrations are always spatially correlated with regions of
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Fig. 2. Premixed wrinkled flame fronts at 1 ms simulation time for all equivalence ratios studied. Contours of NO, OH and H mass fractions are shown from left to right.
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Fig. 3. Relative change in OH and NO mass fractions and local temperature downstream of the wrinkled reaction layer in concave- and convex-shaped portions of the flame
front.
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Table 1
Laminar flame properties for the fuel blends investigated in the DNS.
Equivalence ratio (-) 0.3 0.45 0.8 0.9 1.0 11
Laminar flame speed (cm/s) 30.9 87.0 208.2 2333 250.6 258.5
Laminar flame thickness (mm) 1.545 0.857 1.163 1.183 1.185 0.941
Laminar flame time (ms) 5.0 0.98 0.56 0.50 0.47 0.36
Inner layer temperature (K) 13589 14843 1691.8 17273 17509 1757.8
Temperature at maximal radical production (K) 1417.8 1603.3 1915.5 1976.3 2023.3 20534
Adiabatic flame temperature (K) 1492.2  1772.6  2254.6 23472 24050 24054
e DNS
) ® =045
""""""""""""""""""""""""" t=0.8ms

to convex towards
burned mixture

to concave towards 1
burned mixture

unburned

reaction sheet

Mass fraction H (-)

5.50E-05
4.13E-05
2.75E-05
1.38E-05
0.00E+00

Fig. 4. Sketch of the streamlines pattern as they approach the flame front according to [29] and the resulting change in local equivalence ratio (DNS data is shown for

comparison). Black dashed lines represent the flow streamlines.

increased OH concentrations. These regions are accompanied, at
lean conditions, by local enhancement of the heat release rate
in convex-shaped portions of the flame front (see Appendix) and
their spatial pattern. This observation in the present study is con-
sistent with earlier observations found in the open literature [17].
At the higher equivalence ratios considered here, on the other
hand, high NO concentrations are present at the concave-shaped
portions of the flame front and correlated with low values of the
heat release rate (compared to elsewhere along the flame front).
This observation seems to suggest that NO formation patterns in
these NHs/H,/N,-air flames are not necessarily correlated with
high values of the heat release rate and, consequently, of the lo-
cal temperature (due to the Zel’dovich mechanism).

The occurrence of high values of the H radical concentration
in the convex-shaped portions of the flame front is related to the
fast diffusion of hydrogen species (H, and H). While molecular hy-
drogen (H,) migrates faster than the other species from the fresh
reactants’ side towards the reaction layer [29], atomic hydrogen (H
radical) is produced in larger quantities therein. Note that H,, dif-
fusing towards the reaction zone, concentrate in convex portions of
the flame front while they diffuse away from it in concave portions
("open tip” phenomenon), this is qualitatively illustrated in the
sketch of Fig. 4 [29]. The Soret effect, i.e. thermal diffusion, leads to
additional H, diffusion towards relatively hotter regions increasing
local enrichment or fall-off in the equivalence ratio, which we de-
fined using the elemental mass fractions of hydrogen Zy and oxy-
gen Zg related to their stoichiometric (subscript st) ratio in the un-
reacted (subscript u) mixture:

Zn/Zo

<I>'Iocal = m (2)
and
S
Zi=) " iy 3)
j=1

where, i is the considered element, S the total number of species,
J the species and p;; the mass proportion of i in j. Consequently,

0.02 - - x ‘

o
o
—
)
*
*

Mass fraction NO (-)

----- v $=0.3 cc —v—®=0.3 cx
------ *-P=1.1 cc —*—&=1.1 cx

0 1 1 L L
1 1.5 2 25 3

Time (ms)

3.5

Fig. 5. Temporal evolution of the NO mass fraction in concave and convex shaped
portions of the flame front for the richest (® = 1.1) and the leanest (® = 0.3) ana-
lyzed mixture.

the local laminar flame speeds also increases or decreases, depend-
ing on the local equivalence ratio, resulting in differential accelera-
tion of different portions of the flame front that, in turn, increases
flame wrinkling and the generation of additional flame surface. The
impact of thermal diffusion on the formation of NO is quantified in
Section 3.6.

The observed NO formation pattern is established after 1 ms of
simulation time and remains unchanged over the transient simu-
lation period. The reaction front spatial motion and its curvature
do not reach steady-state since the flame is continuously wrinkled
due to the vorticity present in the approaching reactants’ flow and
also because of the resulting local variations in the acceleration of
the reaction front itself. However, Figure 5 clearly indicates that NO
mass fraction values tend to a statistically steady value. The com-
parison between the 2D DNS data and the 1D steady-state simula-
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Fig. 6. Exemplary spatial evolution of NO mass fraction and temperature along lines normal to the reaction layer in convex and concave portions of the flame front. Symbols

mark the maximum values.

tions, discussed in Section 3.3 and indicating similar NO mass frac-
tion values, confirms that the NO mass fractions can be assumed
to be statistically steady-state.

3.2. Quantitative analysis of the flame front

In order to understand the inter-dependency between fast hy-
drogen species diffusion, local concentrations of radical species
along the wrinkled flame front and, ultimately, the production
rates of NO, we conduct a detailed, quantitative analysis of the
chemical reaction kinetics for opportunely selected representative
portions of the wrinkled flame front. For this analysis, tempera-
ture, concentrations and reaction rates for all species are extracted
along lines perpendicular to the flame front, in correspondence
of concave "cusps” towards the products and convex "bulges” to-
wards the reactants, for all equivalence ratios considered. In order
to meaningfully compare the quantities extracted from the DNS
database, the line-data is normalized with respect to the flame
front using the maximum rate of O, consumption, as proposed in
[16]. The selected values of species concentrations and temperature

are sampled immediately downstream of the reaction layer (as de-
fined earlier). This behavior is illustrated in Fig. 6.

In order to identify any eventual major dependency of NO mass
fraction on the flame characteristics, first order correlation coeffi-
cients (R values) are calculated over several time steps (1-3.5 ms
in 0.5 ms steps) for all equivalence ratios considered. A linear
weighted regression is calculated where the weighting is imple-
mented according to the mean value of the NO mass fraction.
The curvature K is calculated from isolines extracted at C = 0.6
marking the upstream limit of the reaction layer in our defini-
tion. Second-order polynomials are fitted to the extracted isolines
in order to obtain their parametric representation expressed as
L(x)=(a(x),b(x)). Conveniently, this polynomial representation al-
lows the calculation of the flame front curvature using first and
second derivatives:

a (x)b’(x) — b (x)a’ (x)

K(x) = (@2 (x) + b2(x)) G2

(4)

For a more convenient comparison, the instantaneous values are
normalized by the maximum value of the curvature over all time



C. Netzer, A. Ahmed, A. Gruber et al.

Curvature (-)

Temperature (K)
-2

Combustion Progress (-)

Combustion and Flame 232 (2021) 111520

Mass fraction OH (-)

-2 -2
O=1q = 1.7 x10 . 1'7><10 . 1.7><‘10 : 17x10‘2
=l L R =0.783 . R=0.012 . T R=089 :
o 16l . 16 . - 160 * " = U.090] .
=" ) : . : . . 1.6 <
p . 5 . .
S 15 15 15 ; 15 ol
3] . ]
T 14 3 14 1.4 . X
E o 1.4 /
@ 13 7 13 e 13 "o . ﬁ
c [ : . : . 13} @ ’
2 855 B8 © R = 0.432 B ] ® %1073
P % o -3
12 - . 1.2 . 1.2 . . : - 12 ® x10
04 02 0 02 04 2100 2150 2200 2250 2300 0.86 088 09 092 094 096 2, F 6 = A
- -2 -2 -2 -2
®=1.0  x10% 1910 19x10 19 x10
= R =0.628 R = 0.061 R = 0.706|
% 1.8 . 1.8 . 1.8 18 )
c o - - % owm L] " wbm nD/m
S e . NGA T o
B 1.7 8 o g Akt 1.7 o T 1.7 1.7
£ sl o F BTy &
9 16 ol T A ° 1.6 oo 160 ° L
2 -t o " R=o0s28 °° )
R=0.528 3
=T 15 15 15 <10
04 02 0 0.2 04 2100 2150 2200 2250 2300 0.85 0.9 0.95 1 4 8 10
s -2 -2 -2
©=09 g5x10 1.95 210 195 %10
= R=0.755 1 & R=0.198 !
O 19 19 1.9 .
z . . :
c . . LN T
2185 . 185/ = " 1.85 ﬁ"
g .
o 18 1.8 = e 1.8 .
@ [ R=o0s92 - °®-
=175 1.75 1.75 R 052 ‘ : x10°
04 02 0 02 0.4 2000 2200 2300 0.85 0.9 0.95 1 6 7 8 9 10 M
-2 -2 -2 -2
=08 2><10 2><1O . 2)510 2><10 . .
o R=0.726 R =0.885|
01.95 o, . 1.95 1.95 55 1.95 .
=z o o " - Pl 0o PR
c . £ 1 . - S : Pt
S 19 AL 1.9 e~ 1.9 NS 1.9 b
= P . B
©
185 1.85 . 1.85 . 1.85 .
@ R=0319 R =0.481 <i0?
=18 1.8 1.8 — 18—
04 02 0 0.2 0.4 2000 2100 2200 2300 09 095 1 105 11 o 2 4 6 8 10
® =045 x10°2 x10°2 x1072 x10°2
=0. ———
14 1.4 8% 30 1.4 Fgre 14— R=0439| -
. = , Myt  am R0 ety
=13 o ofhr 13 o g m® g fe 13 o o @oPp 13 =" o %y
c B o " a @ g l-' " g =y " f' /
5] ki3 80 & -t
S 122 ot l 12 . " 1.2 . Pad 12 Ly S
S i . . ¥ i o =
E 14 LR mup 2 7 11 544 1.1 -
(2} N . -
1%}
o 1 R = 0.564 1 = [ R=0411] 11—R=0732 - 1 . %103
04 02 0 02 04 1600 1650 1700 1750 1800 1850 0.9 0.95 1 1.05 2 6
. x102 i %102 4 %102
®=0.3
&
o 08 . 08 08 08
2] o
S 06 0.6 0.6 0.6
g
£ 04 0.4 04 i 0.4 :
(2}
@ R =0.637| R =0.674 R=0.835 107
So2——— 0.2 0.2 02
04 02 0 02 04 1300 1400 1500 1600 09 095 1 105 11 115 0 05 1 15 2

Fig. 7. Local maxima in NO mass fraction, for convex (black, open symbols) and concave (gray, filled symbols) portions of the flame front, versus corresponding normalized
flame front curvature, local temperatures and OH mass fraction.

steps considered. Here, the normalized flame curvature k, defines
convex regions by k < 0 and concave ones by k > 0.

The correlations shown in Figs. 7 and 8 illustrate the relation-
ship between NO mass fraction and selected flame characteristics,
such as local curvature, local temperatures, combustion progress
and OH, 0,, N, mass fractions. Their inspection suggests that NO
mass fraction correlates well with the local equivalence ratio and
the corresponding oxygen level. These correlations gain weight to-
wards lean and rich conditions where the increase and decrease of
NO and OH formation is most pronounced (compare Fig. 3). For all
global equivalence ratios, a correlation with the normalized curva-
ture is found. Nevertheless, this correlation is weaker compared to

the one associated to local equivalence ratio. Due to the dispari-
ties in global equivalence ratio (indicated in the figure), however,
the unsteady flame surfaces evolve differently in the DNS calcula-
tions and, ultimately, this results in flame shapes and a reaction
front curvature that may not be directly comparable at homolo-
gous simulation times (Fig. 2). The present methodology takes into
account the NO mass fraction values but do not directly consider
the size of the area upon which NO is distributed. This issue is fur-
ther discussed in Section 3.6, and it is supported by Figs. A1 and
A2 in the Appendix (with increasing curvature the affected portion
of the post flame becomes larger). In general, the present results
suggest that trends in local NO formation largely depend on the
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Fig. 8. Local maxima in NO mass fraction, for convex (black, open symbols) and concave (gray, filled symbols) portions of the flame front, versus Oy, N, mass fractions and

local equivalence ratio.

sign of the flame curvature but not necessarily (to a first order ap-

proximation) on its strength.

The leaner the global mixture, the stronger NO correlates with
the local temperature and combustion progress. With decreasing
global equivalence ratio, the combustion progress at which the
local maximum and minimum NO mass fraction are located in-
creases. For very lean conditions (& < 0.45) superadiabatic con-

ditions are observed. At moderately lean conditions (¥ = 0.8 and
& = 0.45), NO formation is enhanced in convex shaped portions of
the flame front while the local temperature is comparable to the
one observed in concave ones. At rich conditions (® > 0.9), con-
versely, the temperatures observed in concave and convex portions
of the flame front are similar but NO formation is larger in concave
ones. For increasingly lean conditions, the temperature impact in-
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creases, so that at ® = 0.3, the higher NO values are correlated to
the higher temperatures.

The reason for this distinct trend is twofold. Firstly, the char-
acteristic spatial pattern of maximum NO concentration differs be-
tween rich and lean conditions. In regions with increased OH activ-
ity, local peaks in NO concentration are observed to be very close
to the reaction zone of the flame while the temperature still in-
creases further downstream towards the combustion products and
the post-flame zone (Fig. 6). Conversely, in regions with reduced
OH activity, local peaks in NO concentration are found downstream
of the reaction zone and are co-located with the maximum tem-
perature. This trend is more distinctive at lean conditions, for rich
conditions (® > 0.9), peak NO mass fractions occur shortly af-
ter the flame reaction layer and it remains at this level further
downstream. Secondly, but not least importantly, the NO chemistry
seems to be affected by preferential diffusion of H, and by the re-
sulting local radical pool, available oxygen O, and the local change
in equivalence ratio, as these are closely correlated. The previous
statement will be clarified in the discussion about the role of ther-
mal diffusion (the Soret effect) presented in Section 3.6.

3.3. Role of the local equivalence ratio

It has been discussed earlier how the preferential diffusion
characteristics of hydrogen species (H radical and molecular hy-
drogen) lead to changes in the local equivalence ratio of the react-
ing mixture [29]. The local change in equivalence ratio is shown
in Fig. 9 and along lines extracted perpendicularly to the flame
front in Fig. 10, for all global equivalence ratios considered in this
work. Note Fig. 10 is split in two plots for improved clarity. In
all convex-shaped portions of the flame front (solid line) the lo-
cal equivalence ratio, after an initial reduction, increases beyond
its initial (global) value within the reaction zone, while, for the
concave-shaped portions of the flame front, it decreases to a value
below its initial (global) value. In these concave-shaped portions
of the flame front the local equivalence ratio reaches again the
global value further downstream of the reaction zone (except for
@ = 1.1, where the local value of the equivalence ratio always re-
main below the global value). For increasingly high global equiv-
alence ratios, the absolute change in equivalence ratio increases
from Ap_g3 = 0.02 to Ag_11 = 0.15 for convex-shaped portions
of the flame front, with reductions of the same order in concave-
shaped ones. However, the relative change in equivalence ratio is
similar, over the whole range investigated and varies between 5%
and 15%, which is smaller than the increase/decrease in OH and NO
mass fractions (Fig. 3). Figure 10 only shows a portion of the flame-
normal, one-dimensional region very close to the flame front. All
local equivalence ratios converge to the initial global equivalence
ratio further downstream (Fig. 9). Local differences in the supply
of fuel to the reaction zone is thus affecting the combustion kinet-
ics of this region of the flame, including the NO production and
consumption chemistry. The dependency on local equivalence ra-
tio can be studied more conveniently by using one-dimensional
(1-D) premixed flames (here: freely propagating flames obtained
by the module available within LOGEresearch 1.10 [30]) to anal-
yse the local chemistry for comparison with the 2-D DNS data.
The local equivalence ratios after the flame front, at x = 0.025 cm,
are extracted and imposed into 1-D premixed flames calculations.
The equivalence ratio obtained from the 2-D DNS data is enforced
in the 1-D calculations by mixing the unreacted fuel blend with
air. This means that no other species are included except the sta-
ble species, in order to isolate and investigate the impact of the
local equivalence ratio. In these 1-D simulations, the trends in
NO formation predicted by the 2-D DNS calculations between the
convex versus the concave regions of the flame front are repli-
cated, as illustrated in Fig. 11. The present analysis suggests indeed
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that local equivalence ratio variations due to flame curvature play
a significant role on the formation of NO in ammonia/hydrogen
combustion.

Note that other recently updated chemical kinetic schemes
available in the open literature [31-33] have been tested and pre-
dict similar trends, thereby confirming that the present observa-
tions are independent of the specific reaction scheme adopted in
the DNS calculations, although absolute values of NO differ some-
what between the different kinetic schemes (Fig. 12).

3.4. Analysis of the NO chemistry

In order to understand how NO formation is affected by local
equivalence ratio changes that are caused, in turn, by wrinkling
of the flame front, the mass fraction of selected species is first
plotted against the mixture’s equivalence ratio and presented in
Fig. 13 based on data from 1-D numerical simulations of laminar
premixed flames. At globally lean conditions, an increase in equiv-
alence ratio enhances the production of NO due to the availability
of additional fuel and the resulting increase in the adiabatic flame
temperature. This trend is reversed at ® = 0.8 where, upon fur-
ther increase of the equivalence ratio, a decrease in NO is observed,
due to the increasing scarcity of O,. The trend clearly illustrated by
the analysis of 1-D data well reflects the homologous peak in mass
fraction NO at a global ® = 0.8 observed from the 2-D DNS data.
Note that the peak in mass fraction NO at ®(NOpax) = 0.8 is spa-
tially closer to the peaks in mass fraction O and OH rather than to
the peak in adiabatic flame temperature which is, for this mixture,
at ®(Tyy mgx) = 1.06. In the 2-D wrinkled flames, convex-shaped
portions of the flame front protruding into the reactants are sub-
ject to local enrichment, thus whether the global equivalence ratio
is smaller or higher than & = 0.8 will determine an increase or
decrease of NO concentration. This finding is supported by the 1-
D analysis and the comparison of the 1-D with the 2-D DNS data
in Fig. 13(b). Furthermore, since the NO mass fraction peaks at ®
= 0.8, small changes in the local equivalence ratio, either towards
lean or rich conditions, lead to a decrease in NO formation. Ulti-
mately, this implies a somewhat weaker dependency on the local
equivalence ratio but the NO sensitivity to local temperature is in-
creased, as indicated by the first order correlations (Figs. 7 and 8).
Note that preferential diffusion of H, leads not only to a change in
local equivalence ratio but also in local hydrogen/ammonia ratio as
well as depletion of O,, as discussed below.

A reaction sensitivity analysis towards NO formation is carried
out in order to identify the nature of the driving NO chemistry.
Note that, in the following, reactions are numbered according to
the original mechanism for consistency (all elementary reactions
discussed here are printed in Table 2). At lean conditions NO pro-
duction is highly sensitive to fuel NO pathways such as R32, R35
and R44 in [13], whereas thermal NO production (R50, R58, R59)
becomes more dominant under rich conditions as the adiabatic
flame temperature increases. This aligns with the strong correla-
tion of NO to mass fraction N, at rich conditions, with reference
to Fig. 8. Figure 14 shows the characteristic of the reaction system:
two competing pathways of NH3 consumption through the forma-
tion of NH, leading, in turn, to competing routes for N, and NO
formation. At rich conditions, the N, formation pathway via NH
and N is dominant, while in leaner mixtures, the NO formation via
HNO gets increasingly important. This competition of the pathways
is also present in the other investigated mechanisms presented in
Fig. 12. NO is additionally formed to a certain amount by the oxi-
dation of NH and N and the pathway via R39 is present under lean
conditions only. The important role of NH, decomposition and NO
formation via HNO is also observed in [9] for many different reac-
tion mechanisms, whereas the authors discuss pathways for differ-
ent temperatures and equivalence ratios.
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Fig. 9. Spatial variation in the reacting mixtures’ local equivalence ratio. Dashed lines denote the preheat layer (C = 0.1), solid black lines the combustion zone (0.6 < C <

0.8).

Table 2
Selected reactions, from the mechanism by Jiang
et al. [13], that affect directly or indirectly the NO

chemistry.
Reaction number  Reaction
R1 H,+0 = OH+H
R2 H+0, = OH+0
R9 H+0, = HO,
R32 NH,+N = Np+H+H
R33 NH,+0O = HNO+H
R35 NH,+NO = N,+H,0
R39 NH+0 = NO+H
R44 NH+NO = N,+OH
R50 N,+0 = N+NO
R52 HNO (+M) = NO+H (+M)
R56 HNO+OH = NO+H,0
R58 N+0, = NO+O
R59 N+OH = NO+H

3.4.1. Lean conditions

Lean conditions (® = 0.45) favor the decomposition pathway
of NH, via HNO. Moreover, H, diffusing into the convex-shaped
flame portion will lead to an increased production of H, O and

10

OH radicals via the highly sensitive reactions R1 and R2. This rad-
ical pool enhances the pathway via HNO further (R33) and lead
to an increase in reaction rate of reaction R56. Increased O, con-
sumption, via reactions R1 and R9, drives the equilibrium of R52
towards higher production of NO. The shift is visible in Fig. 15,
where reaction R52 is exothermic in convex-shaped portions of the
flame front, while it is endothermic in concave ones. The increased
0, consumption in convex-shaped sections of the flame front re-
sults in the clearly distinguishable region of lower mass fraction
0, shown in Fig. 16 and leading to strong correlations with the lo-
cal mass fraction O,, in reference to Fig. 8. Overall, the increased
equivalence ratio, the increased H, concentration and the avail-
ability of O, cause higher NO formation in convex portions of the
flame front compared to concave ones.

The impact on NO formation of the available radical pool is also
discussed by Okafor et al. [12]. The authors, in their study on a
low-NOy ammonia combustor for a micro gas turbine, found a cor-
relation between OH and local equivalence ratio profiles in 3-D
Large Eddy Simulation (LES). They concluded that controlling the
global equivalence ratio (through staging) may provide some level
of control on O, H and OH radicals availability and consequently
the NOy emission.
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3.4.2. Role of the hydrogen/ammonia ratio

The preferential diffusion of H, affects the local equivalence ra-
tio, but also the local composition of the NH3/H,/N, fuel blend
since H, concentration is increased or decreased. In order to un-
derstand how important is the impact of the change in the hydro-
gen/ammonia ratio in the fuel blend on the reaction system, three
different mixtures are compared. The 2-D DNS simulations are car-
ried out for a fuel blend of 40% NHs, 45% H, and 15% N, by vol-
ume. In the mentioned fuel blend, the hydrogen/ammonia ratio (on
mass basis) is Hy/NH3 = 11.6%/88.4%. This ratio is compared to the
homologous ratio observed at the location of maximum NO con-
centrations (Fig. 6) for convex and concave portions of the flame
front. For example, at ® = 1.1, molecular diffusion changes this ra-
tio in concave portions of the flame front to H,/NH3 = 9.6%/90.4%
and in convex ones to H,/NH3 = 12.7%/87.3%, relatively to the un-

1
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burned mixture. For each of the H,/NH5 ratios listed, a flow analy-
sis is carried out and results are shown in Fig. 17. The consumption
percentages show that the increase of H, in respect to NH3 leads
to an additional enhancement of the dominant pathway of NH,
consumption via NH and the direct formation of N,. The further
decomposition of NH to N is, in the case of concave-shaped por-
tions of the flame, with a decrease of H; in the H,/NH3 ratio, lim-
ited to 58.4% consumption, whereas with higher local H, amount
it is increased to almost 69%. The decrease of H, in the local fuel
blend further leads to an augmentation of the NO formation via
HNO. However, the further conversion of NO to N, is limited, as
consequence more of the formed NO remains. Together with the
increase in OH radical concentration and higher heat release rate
in the concave-shaped flame fronts, as previously discussed, more
NO is formed. The trend observed in the 1-D simulations agrees
well with the 2-D DNS results where areas with lower H, concen-
tration have higher NO levels (Fig. 16).
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3.4.3. Depletion of oxygen

Another effect of the fast H, diffusion into the convex portions
of the flame front is the depletion of O,. By analysing O, con-
centration profiles along the lines extracted normally to the flame
front, it is found that H, diffusion into the convex-shaped flame
leads to depletion of the oxidizer and a significant decrease in lo-
cal 0, concentration. Whereas O, depletion does not play a key
rate-limiting role at the leaner conditions investigated due to the
considerable surplus of O, that is present, it definitively drives the
local equivalence ratio further towards stoichiometry for & = 0.9
and towards richer conditions for ® > 1.0 and, consequently, leads
to lower production of NO. As discussed earlier, the turning point
for this equivalence ratio scaling of the NO formation is at ® = 0.8
(Fig. 13). This is where the highest NO formation and the small-
est difference between concave and convex-shaped portions of the
flame are found.

3.5. Impact of the specific fuel blend

A second fuel blend, nominally a result of lower degree of am-
monia cracking, is analyzed in order to understand the sensitivity
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of the NO formation process to the fuel blend. This second fuel
blend is set to 21% Hy, 72% NHsz and 7% N, by volume and its
combustion in air simulated within a 2-D configuration that is oth-
erwise identical to that used for the first blend, as previously dis-
cussed. Fuel lean (® = 0.45) and fuel rich (& = 1.1) conditions are
investigated.

Inspection of Fig. 18 shows that for this second fuel blend the
characteristic spatial pattern of NO concentration is similar to the
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Fig. 16. Contours of O, mass fraction at 1 ms for ®=0.45 and H, mass fraction at
1 ms for ®=1.1. Black lines indicate the NO islands in Fig. 2.

one indicated previously for the first fuel blend: at rich conditions,
NO formation is enforced in concave shaped portions of the flame
and, at lean conditions, in the convex ones. Overall, the peak NO
mass fractions are lower compared to the first fuel blend with a
maximum mass fraction of Yyomax(blend 2) = 0.013 (Ynomax(blend
1) = 0.02). The location of this maximum is shifted to ® = 0.85.
The regression lines show that, for blend 2, the impact of the flame
front curvature and local temperature increase compared to blend
1, however the strong dependency on the local equivalence ratio
remains (Fig. 19). The increased sensitivity to curvature and tem-
perature can be related to the lower hydrogen content, where hy-
drogen diffusion becomes the limiting factor. It affects the local
equivalence ratio, depending on the local geometrical features of
the flame, as well as the local temperatures (see Fig. 7). Ultimately,
the lowered hydrogen content in the fuel blend leads to lower
NO formation, even though local temperatures are higher and a
nitrogen-containing fuel is still present. This finding confirms the
dominant role of preferential diffusion of H, on the local equiva-
lence ratio and therewith OH and NO formation.

3.6. Impact of thermal diffusion (Soret effect)

The fluid temperature is not only impacting the reaction rates
of the chemical kinetics, but it also represents the main driving
force behind thermal diffusion (Soret effect). In order to quantify
the impact of the Soret effect on the observed NO formation pat-
terns, otherwise identical 2-D DNS calculations are repeated with-
out accounting for thermal diffusion within the mixture-averaged
diffusion model (it is included in all calculations considered up to
this point). Figure 20 illustrates, for an equivalence ratio ® = 0.45,
a comparison of the NO mass fraction spatial distribution through-
out the computational domain from calculations performed with
(top) and without (bottom) taking into account thermal diffusion.
Minor differences in the curvature of the flame front are visible,
these are caused by differences in local equivalence ratio (impacted
by thermal diffusion) that, in turn, affect local flame speed. As the
simulations advances in time these curvature differences become
more evident. Here, a relatively early time (¢t = 1.1 ms) is chosen
in order to more conveniently compare homologous features of the
flame front: in the absence of thermal diffusion the regions of high
NO mass fraction appear smaller.
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global: ®=1.1\
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Fig. 17. Flow analysis of the main fuel nitrogen pathways. Percentages indicate the
consumption of the initial fuel species ratio (Hy/NH; = 11.6%/88.4%) and their ratio
in concave (H,/NH; = 9.6%/90.4%) and convex (H,/NHs; = 12.7%/87.3%) portions of
the flame front for & = 1.1.
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Fig. 18. Contours of NO mass fractions at 4 ms for ® = 0.45 and ¢ = 1.1. The fuel
blend is 21% Hy, 72% NH3 and 7% N, by volume.

The analysis conducted along lines perpendicular to the flame
front, as in Fig. 7, is also carried out to analyse the role of ther-
mal diffusion and presented in Fig. 21. The DNS calculations that
either include or do not take into account thermal diffusion show
similar trends and NO levels and similar correlations to local tem-
perature, mass fraction OH and equivalence ratio. This indicates
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Fig. 19. Local maxima in NO mass fractions, for convex and concave portions of the flame front, versus the corresponding flame curvature, local temperature and equivalence
ratio.
Mass fraction NO (-) 4. Conclusions
Soret Two-dimensional DNS with detailed chemical kinetics has been
employed to understand the fundamental reaction-diffusion pro-
effect cesses leading to the formation of NO in NHj3/H;/N,-air wrin-
: kled laminar premixed flames. The fast diffusion of H, (prefer-
incl
' ential compared to other species) into convex-shaped portions of
the flame front leads to a local increase in equivalence ratio. This
change in local equivalence ratio is found to prominently affect the
NO formation. If the fuel-air mixture is globally lean, the local in-
crease in equivalence ratio strengthens the formation of the NO
species; if the fuel-air mixture is globally rich it will weaken the
NO formation process. The decomposition of NH, is governed by
Soret two competing pathways: the decomposition via NH and N to N,
on the one hand and the oxidation via HNO to NO on the other
effect hand. The local radical pool, which is affected by preferential diffu-
not sion of H, and depletion of O,, and the local fuel-air mixture ratio
. jointly strengthen further local differences between H,-depleted
incl. (concave) portions of the flame front and H,-enriched (convex)

Fig. 20. Contours of NO mass fractions at 1.1 ms for ® = 0.45. In the upper figure,
the Soret effect is included in the numerical model while, in the lower figure, it is
not considered.

that the formation of NO, in the vicinity of curved flame portions
and its maximum concentration, is impacted by preferential diffu-
sion, as discussed above, but the occurrence of thermal diffusion,
acting in addition to that, expands these diffusive effects towards
less curved parts of the flame, and further downstream, by driving
additional hydrogen into the critical flame regions. These observa-
tions support the findings discussed earlier; that fast diffusion of
hydrogen species, enhanced by flame curvature and the resulting
enrichment or fall-off in local equivalence ratio dominate the level
and the location of NO formation, while thermal effects as thermal
diffusion and thermal NO formation, reinforce these effects.
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ones.

Lean conditions have been found to be more sensitive to fuel
NO. The more fuel is available and the higher is the adiabatic flame
temperature, the more NO forms. At rich conditions, the available
oxidizer is the limiting factor in respect the NO formation. The lo-
cal degradation in equivalence ratio in concave-shaped flame por-
tions, towards stoichometric conditions, leads to a higher NO for-
mation, and H, presence favours the direct N, formation pathways.
Slightly lean conditions (® = 0.9) is found to follow the same
trend as rich mixture since the maximum NO formation is at &
= 0.8 and due to depletion of O, in convex-shaped sections of the
flame front.

All these consideration are useful, at the design stage of com-
bustion systems, in order to select the optimal equivalence ratio
or the optimal sequence of equivalence ratios in staged systems,
as well as to minimizes NO emissions from equipment burning
NH3/H, fuel blends. Although chemical reactions in practical com-
bustion devices (gas turbines and reciprocating engines) typically
take place at pressurized conditions, the present results obtained
at atmospheric pressure conditions are indicative of analogous lo-
cal trends and spatial patterns also observed at higher pressures in
preliminary investigations (not shown here). Further research will
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Fig. 21. Local maxima in NO mass fractions, for convex and concave portions of the flame front, versus local temperature, OH mass fraction and equivalence ratio. Squares:
Soret effect included. Crosses: Soret effect not included.
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Fig. A1. Temporal of the predicted flame using DNS for & = 0.45. Contours of temperatures,heat release, local equivalence ratio, mass fractions H,, H, OH and NO are shown
from left to right. Dashed lines denote the preheated layer (C = 0.1), solid black lines the combustion zone (0.6 < C < 0.8).
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Fig. A2. Temporal of the predicted flame using DNS for ® = 1.1. Contours of temperatures, heat release, local equivalence ratio, mass fractions H,, H, OH and NO are shown
from left to right. Dashed lines denote the preheated layer (C = 0.1), solid black lines the combustion zone (0.6 < C < 0.8).
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