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Abstract

Ammonia-hydrogen blends have gained significance as they are carbon-free energy-dense fuels. However,
NOx emissions have been a significant concern. In this study, the emissions from the premixed combustion
of 70/30vor.%» NH3/H> blend is studied using the computational fluid dynamics (CFD)- chemical reactor
network (CRN) approach. The velocity, temperature, and species field are first obtained using CFD, based
on which, a network consisting of perfectly stirred reactors (PSR) and plug flow reactor (PFR) is constructed.
Three mechanisms have been implemented in the CRN to predict the NO and N2O emissions. It is shown
that the trend of NOX is correctly predicted by the CRN over a wide range of equivalence ratios (¢) of 0.65-
1.2 as compared to the authors’ recently published experimental data. It is demonstrated that a single CRN
(based on the CFD for a specific ¢) can be run to cover the range of ¢ = 0.65 to 1.2 by scaling the temperature
input to each reactor of the CRN. To contrast the NO pathways at different ¢, quantitative reaction pathway
diagrams (QRPD) are constructed, and dominant production and consumption pathways of NO for lean and
rich combustion are established. The shifts in reaction pathways with ¢ are noted and found to be governed
by OH, O, and H radicals. Next, the effect of stoichiometry on these radicals is established. Finally, the
experimental trend of high NO close to stoichiometric combustion and high N>O in very lean combustion

along with their respective pathways are explained.
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1. Introduction

In the present era, the most prominent problem is the fast depletion of hydrocarbon fuels and the pollution
generated by hydrocarbon fuels, especially greenhouse gases such as carbon dioxide [1]. Renewable energy
resources can play an important role in minimizing the usage of hydrocarbon fuel. Because of low capacity
and intermittency in power generation through renewable resources, it is necessary to explore other options
for energy storage, and chemical energy storage in the form of energy-dense fuels is one of the best options
[2-4]. A promising alternative can be found in energy-dense fuels like hydrogen, ammonia, methane, and
other cyclic hydrocarbon which can be stored in large quantities for the long run. Of these, hydrogen and

ammonia are the only carbon-free alternatives [2].

Hydrogen can be considered the fuel of the future for energy generation as it contains 120 MJ/kg of energy
[5]. Hydrogen can be generated by electrolysis of water via electricity generated by renewable energy
resources in the form of green hydrogen [6, 7]. Due to low density and compressibility, it is very costly and
dangerous to transport it through pipes [8]. Ammonia is a hydrogen-laden gas (contains 17.6% hydrogen by
mass) and hence, acts as a hydrogen carrier. Green hydrogen can play an important role in the production of
ammonia by the Haber—Bosch process using atmospheric nitrogen [9]. Ammonia has a higher volumetric
energy density (10.8 MJ/L at 300 K and 8.6 bar), compared to hydrogen (7 MJ/L at 300 K and 10 bar). Since

ammonia is used for the production of fertilizers, there exists a well-established transportation facility [10].

Because of its high octane number (~130) and low burning velocity (7 cm/s), ammonia is difficult to burn in
existing internal combustion engines [12]. Attempts have been made to burn it in an 1.C. engine with some
modifications in compression ratio from 16:1 to 35:1 [13]. Gas turbine engines were also tested with pure
ammonia and found that pure ammonia can be used to start the gas turbine engine. It is better to start with
conventional fuel and then increase the mass fraction of ammonia from 0 to 100%. With a higher equivalence
ratio (~1.2), because of excess ammonia, unburnt hydrogen remains inside the engine so a double-stage

engine will be necessary in case of pure ammonia [14].

It is seen in the previous studies that 28% dissociation of ammonia exhibits similar characteristics as methane
flame so there is ongoing research on different blends of ammonia and hydrogen [15]. In continuation to this
research 50-50% [16], 60-40%, 70-30%, 80-20%, and 90-10% [17-18] blends of ammonia-hydrogen have
already been studied experimentally and concluded that 70-30% and 80-20% blend are most stable as others
are more prone to flash-back or blow-out. These blends are very sensitive to pressure and temperature. With
an increase in temperature and pressure reactivity of flame decreases which leads to longer flame [19-20].
For the emission study, most of the research is done through experiments and only a few are related to the

numerical study.



The blending of ammonia and hydrogen helps to overcome several practical problems associated with pure
ammonia or pure hydrogen fuels, but the issue of high NOx emissions must be addressed for such a blend.
Some of the important studies on the reaction pathways of ammonia, involving the production and
consumption of NOy are discussed here. Lindstedt et al. [21] found NH2 + O and NH + OH reactions to be
important in ammonia flames. Further, NH2 and N were found to be important for NO conversion. Skreiberg
et al. [22] observed that the presence of NO promotes the path NH3—NH>—N; instead of
NH3—NH>—NH—N. Tian et al. [23] studied various ammonia-methane blends and reported H + O, — O
+ OH, NH2 + O — HNO + H, NH2 + NO — N, + H20, and NH + NO — N»O + H to be the most significant
reactions in NO and N conversions. Duynslaegher et al. [24] studied premixed ammonia-air mixtures in the
context of IC engines and concluded that NO formation was majorly impacted by equivalence ratio, not
temperature or compression ratio. Song et al. [25] studied ammonia combustion at high pressure and found
NO to be formed from NHs majorly via HNO intermediate and NH> to be the major species in NO mitigation.
In the same study, the highest sensitive reactions were found to be those that consumed NH3 by producing
OH. Otomo et al. [26] not only discussed the advantages of blending hydrogen and ammonia but also
performed ROP analysis to discuss the H,O consumption and regeneration pathways. Kobayashi et al. [27]
discussed the kinetics of ammonia combustion in detail and concluded that NH3 is majorly consumed with
the help of OH and NH; (i = 0, 1, 2) oxidise to NO, mainly through an HNO intermediate, or reduced NO,
depending on availability of O/H radicals.

For the detailed analysis of reaction pathways as discussed above, the combustion is modelled using a
chemical reactor network (CRN). In the present study, the construction of CRN is carried out using the hybrid
CFD-CRN methodology. One of the first instances of developing CRN based on computational fluid
dynamics (CFD) results is found in Sturgess and Shouse [28]. This procedure, which has come to be known
as the CFD-CRN methodology, has been used extensively for the prediction of NOx and CO emissions.
Benedetto et al. [29] and Benedetto et al. [30] discussed the implementation of this tool in real combustion
systems to predict emissions. Faravelli et al. [31] implemented a similar approach to industrial boilers and
furnaces for determining NOx formation. Falcitelli et al. [32] presented this approach as a process for the
optimisation of the environmental performance of industrial combustors. Several studies like Novosselov et
al. [33], Lebedev et al. [34], Park et al. [35], Nguyen et al [36], and Yousefian et al. [37] have used the CFD-
CRN methodology for the prediction of emissions in gas turbine combustors. A similar analysis of emissions
using the CFD-CRN methodology has been performed on the present 70/30 ammonia-hydrogen fuel blend
in this study.

The present study aims to explain the trends of NO emissions against the equivalence ratio by implementing
the hybrid CFD-CRN methodology. The CRNSs in the present study are validated against the experimental

results from one of the authors’ previous works [38], where the 70/30 blend of ammonia/hydrogen by volume



is studied. As discussed above, this blend has been reported to provide a reasonable trade-off between the
tendency of flashback in hydrogen-rich blends and blow-off stability in rich combustion. This blend has also
been found to resemble widely used hydrocarbon fuels like methane and propane, in terms of flame speed,
ignition energy, quenching distance, etc. [39] For this blend, the minimum ignition energy was found to be
lower than that for propane-air (0.37 mJ) and was achieved across a wider range of equivalence ratios. The
minimum quenching distance was found to be 2.1mm, close to that for propane-air (1.9mm). The
flammability limits of this blend were also found to be close to that of methane-air. Therefore this study

specifically focuses on the 70/30 blend of ammonia/hydrogen by volume.

This blend has been analysed using CRNs and three widely-used mechanisms in the literature have been
comparatively studied, viz, Wang et al. mechanism [40], Nakamura et al. mechanism [41], and Glarborg
mechanism [42], which have been found to closely predict the experimental data for the above-discussed
blend [43]. The three mechanisms are compared to determine which mechanism(s) predict the NOx better
for the considered blend. The differences and similarities between mechanisms have been noted at each step
of the discussion. The best mechanism(s) identified are probed further to understand the pathways of NOx

formation.

The trends and pathways reported in the experimental results [38] are explained using rates of production
(ROP) analysis and quantitative reaction pathway diagrams (QRPD) from the first principles in this study.
To the authors’ best knowledge, the CFD-CRN methodology has not been applied in the context of ammonia-
hydrogen blends and the present study is the first of its kind. The findings from this study aim to further the
understanding of NOx and its pathways, which could open up new avenues in the establishment of ammonia-
hydrogen as a widely applicable green alternative fuel. Further, this study also proves the validity of the
CFD-CRN methodology for analysing ammonia-hydrogen blends with various reaction mechanisms. As
evidenced by the accuracy of this methodology in this study, a relatively low-cost CFD-CRN can correctly
predict the trend (and at some ¢, very close values) as compared to expensive and time-consuming

experiments.



2. Experimental Methodology

holes for premixing
of H,

Figure 1: Detailed geometrical view of the burner. Dimensions in meters (m).

A swirl burner with a swirl number, Sy = 1.05 is employed, Figure 1, with a constant thermal power of 8kW
and 70/30voL.% NH3/H> blend at atmospheric pressure and temperature conditions. Ammonia and air were
introduced at the bottom of the mixing chamber, while hydrogen was injected through 6 radially equispaced
holes (1.5 mm diameter) at the central lance, located 40 mm below the burner exit, angled at 45°, directly
releasing hydrogen into the swirler to ensure premixing with ammonia and air prior to ignition. Bronkhorst
mass flow controllers (+0.5% uncertainty within a range of 15-95% mass flow) were used to control the flow

rates of fuel and air. Greater details of the facility can be found in other publications [38], [44],[45].
3. Numerical Methodology

For the complete knowledge of NOy formation in the current fuel blend of 70% NHz + 30% H. (by volume),
it is important to understand the reaction pathways. The different steps involved in the numerical

methodology are explained below.
3.1.Reacting Flow CFD Simulation

This is the first step of numerical evaluation wherein a simplified CFD model/mechanism is employed to get
a reacting flow field. To obtain a flame field, first, a 3D non-reacting flow with the appropriate density of

inlet streams is simulated. For the 3D simulation, one-third of the burner geometry is simulated with



rotational periodicity. A polygonal mesh of 1.2M elements, which has been validated in the author’s previous
work [46] is deployed, as shown in Figure 2. Steady RANS simulation is performed with the turbulence
modelled using the k-€ RNG Model. Pressure and velocity are coupled using the SIMPLEC scheme [47].
The spatial discretisation of all variables is done using the third-order accurate QUICK scheme. The criteria

for convergence are selected as 107 for all residuals.

From the 3D results, the axial, tangential, and radial velocity profiles are extracted. The reacting flow
simulations are then performed using a 2D axisymmetric domain with the velocity profiles given as boundary
conditions. This is important to ensure the same effect of swirl is reproduced in the 2D axisymmetric domain
as it would be observed in the 3D simulation. To establish the credibility of this method, a full 3D combustion

is run and compared with the 2D results in Section 5.1 obtained from the above-discussed approach.

Inlet: Air-Ammonia Swirler

T

Inlet: Hydrogen Outlet

Figure 2: Polygonal mesh of 1.2M elements implemented for 3D CFD simulations [38]
For the 2D simulation, a mesh of 0.1M elements is used. For turbulence-chemistry interaction, the Flamelet
Generated Manifold is used. Three different reaction mechanisms are considered, i.e. Wang mechanism [40]
with 91 species and 444 reactions, Nakamura mechanism [41] with 33 species and 232 reactions, and
Glarborg mechanism [42] with 41 species and 270 reactions. The radiation is modelled using the Discrete
Ordinate model. The turbulence model, numerical schemes, and convergence criteria are maintained the same

as in the 3D cold flow simulations above.
3.2.Chemical Reactor Network

At the core of the CFD-CRN methodology, lies the merging of several CFD elements into a small number
of zones that exhibit similar chemical activity and composition. The detailed reaction mechanisms, which
are tedious to run for each element of CFD, can be effectively analysed in a few reactors of a CRN. In
addition, CRN allows for Rate of Production Analysis, Sensitivity Analysis, Reaction Pathway Analysis,
etc., which provide further insights. A CRN consists of idealised reactors like Perfectly Stirred Reactor (PSR)
and Plug Flow Reactor (PFR). The PSR is a 0-D reactor, meaning that its parameters, like temperature,
species mole fractions, etc., are assumed uniform throughout its volume. The PFR is a 1-D reactor and
assumes variation of parameters only in the axial direction but no variation in the cross-stream direction for

a given axial position. The construction of CRN is discussed in detail in Section 5.2.



3.3.Quantitative Reaction Pathway Diagrams

From CRN results, the Net Reaction Rates (NRR) for each reaction in the mechanism are obtained. The
reactions with a higher magnitude of reaction rate are selected to be plotted in the Quantitative Reaction
Pathway Diagram (QRPD). Species relevant to the analysis are selected to be plotted in the QRPD. The
species are then connected using arrows as per the selected reactions. The other radical which reacts with the
selected species is mentioned in the arrows. The total contribution of reaction rates is summed and a

proportional width is assigned to each arrow. This allows for qualitative insights to be drawn from the QRPD.
4. Test Cases

A fuel blend of 70/30 NHas/H> (by volume) is selected for the present study. As discussed in Section 2, the
¢ is varied by controlling the air flow rate, while maintaining the volume flow rates of ammonia and hydrogen
at constant values of 11.59 LPM and 27.05 LPM. The volume flow rates of air with the corresponding ¢ are
tabulated in Table 1. After studying the experimental results [38], the key points with maximum and
minimum NO emission, with the stoichiometric case as a reference were selected for analysis. CRNs were
built for four different ¢ (0.65, 0.9, 1.0, and 1.2) based on their respective CFD results. The applicability of
each CRN over the range of ¢, from ¢ = 0.6 to 1.35 is tested. The reason for such extrapolation has been

explained in detail in section 5.2.

Table 1: Range of equivalence ratio ¢ and the corresponding volume flow rate of air (in L/min)

Air Volume
() Flow Rate
(L/min)
0.60 207.8
0.65 191.8
0.70 178.1
0.75 166.3
0.80 155.9
0.85 146.7
0.90 138.6
0.95 131.3
1.00 124.7
1.05 118.8
1.10 113.4
1.15 108.4




1.20 103.9

1.25 99.8
1.30 95.9
1.35 92.4

5. Results & Discussion

In this section, at first, the CFD results and the chemical reactor network (CRN) constructed from it are
discussed. Subsequently, the emission results predicted from CRN are compared with the experimental
results. Finally, insights into NOx reaction pathways at different equivalence ratios are compared to

understand the dependence of NOx formation on equivalence ratios.
5.1. CFD Results

The 3D non-reacting simulations are performed first as discussed in Section 3.1 as a precursor to reacting
flow simulations. Figure 3a shows streamlines imposed on the time-averaged axial velocity contour on the
mid-longitudinal plane obtained from 3D non-reacting simulation for ¢ = 1.2 — identical fuel-oxidizer flow
conditions. The axial, radial, and tangential velocity distributions extracted at the inlet of the combustor
(marked as a black dotted line in Figure 3a) are plotted in Figure 3b. These profiles from 3D cold flow

simulations are fed as inlet conditions for 2D reacting flow simulations.

The temperature contours with superimposed streamlines from 2D reacting flow simulations using Wang
mechanism [40] for ¢ = 1.2 are shown in Figure 4a. The temperature and species contours resulting from 2D
CFD using Nakamura and Glarborg have been omitted for brevity. To verify the applicability of 2D reacting
flow simulation using velocity profiles from 3D non-reacting flow for simulating hot flows, the 3D
combustion simulation for ¢ = 1.2 as shown in Figure 4b is also performed and compared with the 2D results.
In addition, the overall distribution of the temperature contours also seems comparable. Thus, this establishes
a reasonable qualitative agreement between both simulations and hence it is concluded that 2D reacting flow
simulations with velocity profiles as inlet conditions from their corresponding 3D non-reacting flow is an
economical/simplified way to obtain reacting flow results. This similarity is not unreasonable to expect as
reacting and non-reacting flow fields are the same in the flow domain upstream of the combustor exit plane.
Further, the validity of 2D CFD is evidenced when the emissions predicted from the CRN built from 2D
CFD results are shown to be in good agreement in the later part of this section. The accuracy of CRN
produced from 2D reacting flow simulations sharply reduces the computational time required for the CFD

simulation by ~55%.
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Figure 3: Non-reacting 3D CFD results for ¢ = 1.2. Velocity magnitude contour with imposed streamlines (a). Axial, radial and
tangential velocity profiles at the inlet of the combustor from the non-reacting flow field (b).

5.2. Construction of CRN from CFD Results

In Figure 4c, the CFD results for ¢ = 1.2 on the mid-longitudinal plane are analysed and the domain is divided
into zones based on velocity field and homogeneity of temperature and species. The procedure used in the
construction of CRN at ¢ = 1.2 has been described in detail in this subsection. Of the CRNs constructed with
Wang mechanism [40], Nakamura mechanism [41], and Glarborg mechanism [43], each for ¢ = 0.65, 0.9,
1.0, and 1.2, only a single case of ¢ = 1.2 using Wang mechanism [40] has been described in detail, while

the rest have been omitted for brevity.

The flame zone, marked by the steep rise in temperature is where the premixed mixture ignites. It is divided
into temperature bands of 600 K to 900 K, 900 K to 1200 K, 1200 K to 1500 K, and so on till the highest
temperature in the flame zone. The temperature bands are made progressively narrower as the temperature
increases because higher reaction rates and gradients of species are expected and zones with smaller
temperature variations provide more spatial resolution of the flame. Thus, for ¢ = 1.2, the flame is divided
into 7 main zones as ‘Mix, FO, F1, F2, F3, F4 and F5’. The seven flame zones are modelled as using a PSR
for each zone (thus, 7 PSRs) as shown in Figure 4c. Such methodology has been previously used in [36]. In
addition to the flame zones, from the velocity field in Figure 4a, two recirculation zones viz. (a) central
toroidal recirculation zone (CTRZ), located at the axis of the burner and (b) Edge Recirculation Zone (ERZ),
located between the wall of the burner and the CTRZ are also observed. These zones are defined by negative
axial velocity and are characteristic of swirl flows in swirl-stabilized combustors. Both the CTRZ and ERZ
are modelled as a PSR as depicted in Figure 4c. Towards the exit of the burner, the streamlines become

parallel as flow moves downstream of the CTRZ and the gradients are small in the radial direction. Such a



zone can be regarded as a Post Flame Zone (PFZ) and is modelled as a Plug Flow Reactor (PFR) as shown

in Figure 4c.
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Figure 4: Construction of CRN from CFD results for ¢ = 1.2. Temperature contour with imposed streamlines from 2D reacting
flow CFD (a). Temperature contour with imposed streamlines from 3D reacting flow CFD (b). Division of zones for CRN based
on temperature and velocity fields (c). Resulting CRN built-in ANSYS Chemkin-Pro (d).

Once the domain has been divided into zones as discussed above, the required inputs to the CRN such as
temperature, volume, mass split in between zones, etc., are calculated. The data along the boundary of each
zone is extracted and the elemental mass flow rate at each point of the boundary is calculated based on the
local density and local velocity field using in-house developed MATLAB code. Such elemental local mass
flow rates are integrated as per the requirement to find mass splits accurately between zones. The volume of
each zone is calculated using the integration of axisymmetric elemental volume over the entire boundary of

that particular zone. The volume-based average temperature is calculated and is given as input to the CRN.



Lastly, the CRN requires a reaction mechanism. As discussed before, Wang mechanism [40], Nakamura
mechanism [41], and Glarborg mechanism [42] are employed since these have been proven to be reasonably

good mechanisms for a reasonably wide range of equivalence ratios for NH3z-H2-Air combustion [44]. The

entire CRN is implemented using ANSYS Chemkin-Pro 19.2 as shown in Figure 4d.

5.3.CRN Results
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Figure 5: Comparison of the emissions predicted from CFD-CRN methodology with experimental results [38] from respective
CRNs (a) and from each CRN run to cover the entire range of ¢ using temperature scaling with Wang mechanism [40] (b) and
Nakamura mechanism [41] (c)

Figure 5a depicts the predicted emission of NO from the CRN network from Wang mechanism [40],
Nakamura mechanism [41], and Glarborg mechanism [42]. The magnitude of NO at each equivalence ratio
(¢) is predicted from the CRN corresponding to its ¢. The predictions are compared with the experimental
results [38]. These predictions are in reasonably good agreement with experimental results. In particular,
very close values are predicted at $=0.9 and ¢=1.2 as compared to experiments. While Wang [40] and
Nakamura [41] predict close to the experiment, it can be observed that Glarborg [42] despite accurate

prediction in the rich, does not satisfactorily predict the pollutants in lean conditions. Although there is some



deviation for Wang [40] and Nakamura [41] mechanisms at $=0.65 and ¢=1 as compared to the experimental
values, it is important to note that the trend of NO as ¢ is varied is correctly predicted by CRN as measured
in the experiments. This is a significant milestone because a relatively low-cost CFD-CRN tool described in
this work can correctly predict the trend (and at some ¢, very close values) as compared to expensive
experiments which are time-consuming and very difficult to perform. The importance of correctly predicting
the trend of NOx emission by CFD-CRN tool can go a long way in being useful for testing different blends
of NHs-H: for different powers (just by knowing the inlet mass flow rates) in a given combustor geometry
without performing any experiments. Since Wang [40] and Nakamura [41] mechanisms predicted the NOx
emissions reasonably better than Glarborg mechanism [42], the further analyses described here only consider

Wang [40] and Nakamura [42] mechanisms.

Upon careful observations in the present study, the inputs to each CRN revealed that the volumes of each
respective zone and the mass split from each zone remained almost constant as the ¢ was changed. The only
significant difference in the inputs to the CRN was the temperature of each reactor. The highest temperature
zones for each ¢ closely resembled the adiabatic flame temperature for the present fuel blend at the respective
¢. This leads one to conclude that a CRN built for a particular ¢ (using CFD at that ¢), say at $=0.9, could
be used to predict emissions at other ¢ (say, at $=0.65) if the temperature of each zone from CRN at $=0.9
is scaled by a factor so to reasonably predict similar temperature field as at $=0.65. This exercise was
performed and to run a CRN over the entire range of ¢, which was originally based on the results of a specific
¢, the temperature of each zone is scaled by a factor. This factor is the ratio of the adiabatic flame temperature
(AFT) of the target ¢ to that of the original ¢. The AFT can be calculated without performing tedious
simulations. In this way, a CRN built at any ¢ can be used to predict NO emissions at other ¢. Figure 5b and
5c depicts the NO emission prediction within a range of $=0.55 to 1.35 using CRNs constructed at $=0.65,
0.9, 1, and 1.2 by the method described above, using Wang mechanism [40] and Nakamura mechanism [41]
respectively. These mechanisms are chosen based on the accuracy of their NO prediction as seen in Figure
5a. Further, the observation from Figures 5b and 5c, that Wang [40] performs better than Nakamura [41] in
rich combustion, is aligned with the findings in one of the author’s previous studies.[43] The experimental
results depict NO concentration peaking up to 4633 ppmvd 15%0; at ¢ = 0.9 which decreases sharply on
either side till ¢ = 0.65 and ¢ = 1.2. All four CRNs predict the same trend in close agreement with the

experiments.

This is believed to be another significant result. It may not be really necessary to construct CRN by
performing CFD at all the ¢. Instead, one CRN (at any particular ¢) could be employed to predict the trend
of NO at all other ¢. This could further save computation resources and further simplify the way in which
the CFD-CRN tool could be employed in pollutant prediction. It was interesting to introspect the reasons

behind the suitability of such a scaling method. It was analyzed that this method of prediction of pollutants



was applicable since all the ¢ had similar flow field characteristics and a reasonable extrapolation of

temperature could provide a sufficiently accurate result.
5.4.Analysis of Reaction Pathways

This subsection is dedicated to understanding reaction pathways of NOx formation at different ¢». Three ¢
viz. $=0.65 (lean), 0.9 (almost stoichiometric), and 1.2 (slightly rich) are selected in this subsection to

identify the difference in NOx formation pathways.

Figures 6a-6f depict the rates of production (ROP) of NO from various reactions plotted after CRN results
using Wang mechanism [40] and Nakamura mechanism [41], (that were validated with the experimental
results in the previous subsection). To narrow down the regions of the flame zone that exhibit the highest
reactivity, the ROP is compared for various flame zones (i.e., ‘Mix, F0, F1, F2, F3, F4, and F5’ described
previously). It is observed that for ¢ = 0.65 and 0.9, flame zone F3 is the zone with the highest rate of reaction.
However, for ¢ = 1.2, F2, F3, and F4 are found to have comparable contributions to the production and/or
consumption of NO. Thus, these zones are selected for further analyses for the corresponding ¢. The post-
flame (PFZ) has lower reaction rates compared to the flame zone by, approximately, an order of two and

hence, is not considered.
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Figure 6: Rates of production of NO from various reactions in the zones of high reactivity at $=0.65 (a), 0.9 (b) and 1.2 (c)
using Wang mechanism [40] and at $=0.65 (d), 0.9 (e) and 1.2 (f) using Nakamura mechanism [41].

Based on the reaction rates, quantitative reaction pathway diagrams (QRPD) are constructed using Wang

mechanism [40] and Nakamura mechanism [41], for the above-discussed zones for their respective ¢, as

shown in Figures 7a-7f. Based on the QRPDs, the common features from both the above-mentioned

mechanisms (in terms of both production and consumption of NO) at ¢ = 0.65, 0.9, and 1.2 are described

next. Two pathways for the formation of NO (common to both mechanisms and all ¢) are found to be as

follows:

1. HNO as an H donor: HNO reacts with O, H, OH, NH;, etc., by donating an H and forming NO along
with OH, Hz, H20, NH3, etc. respectively.

Oxidation of N/NH: NO is produced when N and NH get oxidized by O in lean combustion. In rich

conditions, OH and O respectively oxidise N and NH, leading to NO production.



The relative contribution of these pathways to the net production of NO at different ¢ is shown in Table 2.
Both the mechanisms show similar contributions from both pathways at lean conditions, but as ¢ is increased,
Nakamura [41] depicts a slower shift from the HNO pathway to the N/NH pathway of NO formation, as
compared to Wang [40].

Table 2: Contribution of the NO formation pathways at various ¢

¢ HNO Pathway N/NH Pathway
Wang Nakamura Wang Nakamura
0.65 75% 74% 25% 26%
0.9 55% 65% 45% 35%
1.2 37% 50% 63% 50%

The consumption pathways, common to both Wang [40] and Nakamura [41] mechanisms at all ¢, of NO

reduction pathways using N, NH, and NH; are found to be as follows:

1. N+ NO Pathway: N reacts with NO to form N2, which is a desirable product since it is highly stable.
Although this pathway is a minor contributor to lean combustion, it gains importance as the
combustion becomes rich.

2. NH + NO Pathway: NH reacts with NO to form N>O majorly and N>, NNH in the minor. Species like
NNH or N>H2 eventually form N3, and hence, do not contribute to NOx. Although this pathway where
N2 or NNH is produced from NO is a minor contributor in lean combustion, it gains importance as
the combustion becomes rich. N>O production when NO reacts with NH is also the major N>O
formation pathway.

3. NHz + NO Pathway: NH: reacts with NO to form either N> or NNH in comparable amounts. These

reactions are more pronounced as the combustion becomes lean.

The table below (Table 3) summarises the radicals, observed from both Wang mechanism [40] and Nakamura
mechanism [41], which are involved in the important production and consumption pathways described

above:

Table 3: Important reactions in NOy production and consumption, and the radicals contributing to the reactions.

Reaction Contributing
Reaction
name Radicals
Al NH; — NH OH, H
A2 NH, — HNO O
A3 NH — HNO 0,, OH
NH — N H, OH
A4
NH — N,O NO




N — NO 0,, OH
AS
NH — NO 0, 0
H
A6 HNO — NO | (Also, OH
at ¢ = 0.65)
A7 N20 i N2 H

From the above observations about radicals, it is concluded that OH, O, and H are responsible for most of
the oxidation from hydrides of nitrogen to the oxides of nitrogen, which finally amounts to NOx emissions.
At first glance, H being an oxidiser might seem counterintuitive, but the H radical reacts by extracting H to

form H> and hence, acts as an oxidant.
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Figure 7: Quantitative Reaction Pathway Diagrams for ¢=0.65 in F3 (a), for $=0.9 in F3 (b) and for ¢=1.2 in F2+F3+F4 (¢) from
Wang mechanism [40] and for $=0.65 in F3 (d), for $=0.9 in F3 (e) and for ¢=1.2 in F2+F3+F4 (f) from Nakamura mechanism [41].
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Figure 8: Reactions with the highest net rates of reactions at $=0.9 in zone F3.
The reactions which control OH, O, and H during combustion are identified next. The reactions with the
highest net rates of reactions at ¢ = 0.9 in F3 are shown in Figure 8. It is evident that the same set of reactions
1s reported to have the highest reaction rates from both mechanisms. At ¢ = 0.65 and ¢ = 1.2, the same
reactions were observed to have higher net rates of reaction and, thus are not shown here for brevity. The
major reactions that contribute to OH, O, and H production are found to be as follows: R1 is the reaction of
oxidizer Oz. R2 and R3 are reactions of fuel Hz. R4 is the reaction of dissociation of the product H20. The
discussion that follows is based on Wang mechanism [40], but since it is fairly qualitative, the same

inferences can be drawn by considering the results from Nakamura mechanism [41].
RI: H+O0,—O+OH
R2: O+H2—H+OH
R3:  OH+Hz— H+H0
R4: 20H — O +H20

R1 is found to be one of the reactions with the highest rate of reactions. Almost all of the O from the air
undergoes R1 and breaks to form O and OH. In this manner, R1 produces almost all the O and close to half
of all the OH during combustion. The R2 and R3 produce the majority of H from the reactant Hz. These two
reactions neither produce nor consume much OH, because OH is a reactant (in R3) as well as a product (in
R2). The R4 has a significant negative rate of reaction and produces the other half of the OH during
combustion, by breaking of product H-O.

In the case of lean combustion, there is an abundance of O; and a scarcity of H>. Due to scarce Ha, the
reactions R2 and R3 are inhibited as they depend on H» as a reactant. Since, as discussed in the previous
paragraph, R2, and R3 produce almost all the H, there is a scarcity of H as well. Further due to inhibition of
R3, there is lesser H2O which further inhibits R4. A decrease in R4 causes a decrease in the availability of

OH. Similar to the above discussion, in the case of rich combustion, there is an abundance of Hz and a scarcity



of Oa. Due to scarce O2, R1 is inhibited as it requires O as a reactant. Since R1 produces almost all the O,
there is a scarcity of O as well. Further, due to the unavailability of O, R4 is inhibited, causing a decrease in
the availability of OH. Due to these reasons, the production of OH will be favoured close to stoichiometric

instead of rich or lean combustion. This discussion has been presented diagrammatically in Figure 9.

=

/

Rich \

More 02 % Less H2 More H2 Less O2
Rz is R3is Riis B1
B2 inhibited inhibited inhibited
Less
L
Less H H20 ess O
R4 is B R4is

inhibited 3 inhibited

Figure 9: The effect of stoichiometry on the availability of OH, O, and H radicals

Based on the above discussion the following conclusions are drawn:

B1.All the reactions which depend on O or Oz will be impeded in the case of rich combustion and
favoured in the case of lean combustion.

B2.All the reactions which depend on H or Hz will be impeded in the case of lean combustion and
favoured in the case of rich combustion.

B3.All the reactions which depend on OH will be impeded in the case of both rich or lean combustion

and favoured close to stoichiometric combustion.

With the above discussion as the background, next, the variation in NO production at the three chosen ¢ =

0.65, 0.9, and 1.2 is discussed along with possible reasons.

In order to explain the differences in NO production at the three chosen ¢ = 0.65, 0.9, and 1.2, the important
radicals that cause the differences are identified. Then, these radicals are shown to be controlled by the ¢,

thus describing how NO emissions are innately linked with the stoichiometry of the combustion.
The reaction pathways of NO formation (resulting in variation of NO production) vary with ¢ as follows:

C1.NH: forms more NH, HNO, and lesser NNH, N>H2, and N> at ¢ = 0.9 (compared to 0.65 or 1.2). As
more NH and HNO favour more NO (as described previously as two formation pathways), the NO
emission peaks at 0.9. This shift can be observed qualitatively from the QRPDs by comparing the



thickness of blue arrows going to the left from NH; to the thickness of the red arrows going to the
right from NHo.

C2.NH: forms more NH and less HNO as the combustion becomes rich. This establishes the governing
pathways of NOx emission at different ¢. This shift can be observed qualitatively from the QRPDs
by comparing the thickness of the arrows towards NO via HNO and the thickness of the arrows
towards NO via N/NH.

C3.NH forms more N>O and less N as the combustion becomes lean. Due to this, a rise in N>O is observed
at lean combustion. This shift can be observed qualitatively from the QRPDs by comparing the
thickness of the arrows from NH going towards N>O and the thickness of the arrows from NH going

towards N.
The explanation for these shifts in reaction pathways is as follows:

Explanation of C1: The radical OH is found to be responsible for driving forward the reactions from NH; to
NH to HNO (refer to Al, A3, and A4 in Table 3). This further implies that OH promotes the formation of
NH, and HNO from NH: instead of the formation of NNH, N>H2, and N». The high amount of OH close to
stoichiometric (refer to B3), thus elevates NO emission by reducing NNH, N>H, etc., which eventually
results in stable product N2. Additionally, in lean combustion, NH2 forms less NH (refer to A1 and B2) while
in rich combustion, NH> forms less HNO (refer to A2 and B1). This further promotes NH2 to form N2, N>H>,
or NNH in the case of lean as well as rich cases. C1 along with C2 explains why the peak of NO occurs close

to stoichiometric.

Explanation of C2: In lean combustion, the dominant pathway of NO formation is the HNO pathway. Since
the formation of HNO from NH; (refer to A2) or NH (refer to A3) is controlled by O and O, this pathway is
promoted in the lean regime (refer to B1). In rich combustion, N/NH oxidation becomes the dominant
pathway as the formation of N and NH from NH> (refer to A1 and A4) is promoted because it is controlled
by H (refer to B2).

It should be noted that neither of these pathways is solely dependent on just one radical O or H. For example,
in lean combustion, although the ease of HNO formation is higher, the conversion of HNO to NO (refer to
A6) is difficult since it is majorly controlled by H (refer to B2). Similarly in rich combustion, although the
ease of NH and N formation is higher, the conversion of NH or N to NO (refer to AY) is difficult since it is
majorly controlled by O> and O (refer to B1). These countermeasures in each pathway obstruct high NO
production in lean and rich conditions. In this manner, the explanation of C1 and C2 presents a complete

explanation as to why the NO emissions peak close to stoichiometric combustion.

Explanation of C3: In lean combustion, the conversion of NH to N (refer to A4) is suppressed because it is

controlled by H (refer to B2) and this allows for the availability of NH to form N>O. There is an availability



of NO formed via the HNO pathway in lean combustion. Due to this, the reactants required for N,O
production via the reaction NH + NO — N>O + H are present sufficiently. This reaction is the prime N2O-
producing pathway. Furthermore, in lean combustion, the consumption of N>O to form N (refer to A7) is
also suppressed because it is controlled by H (refer to B2). These factors contribute to the peaking of N>O

as the combustion becomes lean.

In the above discussion, stoichiometric combustion is pointed out to produce the highest NO. However, the
results of NO emission show the peak to occur at ¢ = 0.9 instead of ¢ = 1.0. If looked at closely, there are
many reactions with H as an oxidant where Hz is formed in the products. It is due to this reformation of fuel
that a slightly lean mixture is needed to consume all the fuel and hence, the peak of NO shifts towards the

lean.

The variation of emission pathways as ¢ is varied, based on the effect of OH, H, and O radicals is summarised
in Figure 10. The reactions which are promoted by a radical are shown in solid arrows while the reactions
which are impeded by a radical are shown in dashed arrows. Figure 10a shows strong N>O-producing
pathways but weak N>O-consuming pathways, leading to the peak in N2O. Figure 10b graphically represents
the continuous pathway of solid black arrows for the formation of NO at ¢ = 0.9, leading to the peak of NO
close to stoichiometric. Figures 10a and 10c represent the dominant NO-producing pathway for lean and rich

combustion respectively.
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Figure 10: Summary of the reaction pathways at ¢ = 0.65 (a), 0.9 (b) and 1.2 (c)



6. Conclusion

In this study, the NOx emission characteristics of 70/30 Ammonia — Hydrogen (by volume) premixed
combustion have been studied. Chemical reactor networks (CRN) based on CFD simulations have been
implemented and NO emission results from Wang mechanism [40], Nakamura mechanism [41], and Glarborg
mechanism [42] have been compared to experimental results. Due to better prediction of NO emissions,
especially in lean combustion, Wang [40] and Nakamura [41] mechanisms were considered for further
probing. Both the mechanisms agreed upon the qualitative explanation for how stoichiometry controls the
pathways and emissions, still there were slight deviations in their prediction of the relative contribution of

pathways at various ¢.

Rates of Production and Quantitative Reaction Pathway Diagrams have been studied to explain the
experimental trends in pollutants and the shifting in reaction pathways. The findings have been summarised

as the following:

1. The NO formation pathways were found to lie in either of two classes, via HNO as an H donor or
Oxidation of N/NH. NO consumption pathways included the reduction of NO via N, NH or NH>. The
NO + NH — NO + H pathway was also found to be the chief N>O-producing pathway.

2. The peak in NO close to stoichiometric combustion was found to be due to higher OH availability
compared to lean or rich conditions. Further, neither of the NO formation pathways is solely
dependent upon H or O and hence are hindered in the case of lean and rich combustion respectively.

3. The HNO as an H donor pathway is dominant in lean combustion. This is because the formation of
HNO from NH2 or NH is dependent on O and O: respectively. As a result, as combustion becomes
rich, the oxidation of the N/NH pathway of NO formation becomes important.

4. In lean conditions, due to the unavailability of H, it is unfavourable for NH to form N. Due to this,
NH is available to react with NO to produce N2O. This explains two important experimental
observations, vis, an increase in N>O and a decrease in NO in the case of lean combustion.

5. The shifting of the NO peak to slightly lean combustion can be accounted for by the strong oxidant
species H, which reacts to extract H and forms Hz. The extra H2 requires more air in order to

effectively set up stoichiometric combustion.
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