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ABSTRACT
Ammonia/hydrogen blends have received some attention toward the 
development of new technologies focused on gas turbine combustion 
systems, as doping of hydrogen in ammonia enhances flame speed 
and stability while decreasing ignition energy. One of the challenges 
of these blends relies on the appropriate computational modeling of 
their combustion properties in combination with the complex hydro-
dynamics inherent to flow control techniques such as swirling flows, 
which are known to be the main method of flame stabilization in 
current gas turbines. Moreover, it is well-known that large reaction 
kinetic models are difficult to employ in these computational analyses, 
thus increasing the difficulty of obtaining reliable methods for the 
design of new combustors. Therefore, this research analyses 
a reduced chemical reaction mechanism, namely Okafor’s mechanism, 
comparing its performance and accuracy against obtained experi-
ments. Emission measurements and non-intrusive laser techniques 
(LDA) were employed to validate models running on CHEMKIN-PRO 
flow reactors and RANS Complex Chemistry. Once validated, the study 
identified the main contributors and reaction kinetics of NH2 and NO 
consumption, hence evaluating the process via production rates and 
sensitivity analysis of various important reactions. The results depicted 
positive correlation between NH2 formation and heat release, N2, H2O, 
N2O, NH, NNH, NO, O formation, whereas NH3, N2H3 and NO2 have 
shown negative correlation. Statistical correlations supported these 
findings but unfortunately were inconclusive to the impacts of vorti-
city and turbulence over the production/consumption of amidogen. 
Sensitivity analysis has shown NH2 radicals and atomic N to be the 
main contributors of NO formation in the flame zone, although most of 
the NO formed in the flame zone shown to be consumed at the post- 
flame zone due to the presence of NHx radicals and atomic N.
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Introduction

Ammonia as an energy vector has gained increased attention across scientific and industrial 
communities (The Royal Society 2020; Valera-Medina et al. 2021). The role of the molecule 
in the decarbonization of storage technologies has potential to supplement the use of 
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hydrogen with stranded renewable sources (International Energy Agency 2019). However, 
the implementation of ammonia technologies capable of using this vector is constrained by 
the improvement of their efficiency in order to reach power outputs and cost benefits 
similar to those of current fossil fuels (Zamfirescu and Dincer 2008). Current works have 
demonstrated that ammonia can be used as a relatively efficient energy storage medium 
(Valera-Medina et al. 2019), whilst the implementation of the technology in hybrid systems 
can provide economic benefits that will be competitive in the near future (Ezzat and Dincer 
2018).

Progress has been made on the analysis of pure ammonia as fueling source (Kobayashi 
et al. 2019). Recent studies have evaluated the use of ammonia in internal combustion 
engines, showing that pure ammonia is difficult to burn with high unburned concentrations 
in the exhaust (Comotti and Frigo 2015; Lhuillier et al. 2019). Simultaneously, gas turbines 
have also been assessed. Better and more promising findings show that the appropriate use 
of advanced injection techniques can reduce unburned ammonia, thus increasing power 
whilst making devices more environmentally friendly with reduced NOx emissions (Kurata 
et al. 2019; Pugh et al. 2019). Nevertheless, thus far, demonstration units have only provided 
limited power outputs (~50 kW). Since ammonia flame speed is an order of magnitude 
lower than hydrogen (Valera-Medina et al. 2018b), ammonia can be partially cracked to 
produce hydrogen prior to injection into the combustion chamber, which will enhance the 
energy density of ammonia blends whilst increasing reactivity, thus enabling an increase in 
flowrates and power outputs.

Predominantly, the use of hydrogen has been attempted in power devices fueled with 
ammonia (Khateeb et al. 2020; Pacheco et al. 2021; Rocha et al. 2019; Zhu et al. 2021). 
Further studies considered the use of ammonia/hydrogen blends at concentrations of 60/40, 
70/30, 80/20 and 90/10% (vol) (Valera-Medina et al. 2018a). The results demonstrated that 
the 80/20 and 70/30 blends were the most stable. Since higher power outputs under much 
higher flowrates were conceived for the technology, the higher hydrogen content 70/30 
blend was employed for additional trials. Experimental campaigns demonstrated 
a reduction in NOx emissions at high equivalence ratios close to 1.20. The effect, 
a combination of the reduced oxygen in the primary zone and the post-combustion reaction 
of unburned ammonia with NO, depicted a potential blend that could be used for large- 
scale systems. The blend was also assessed at higher pressures, showing that the NOx 

emissions are dependent on the surrounding conditions (Pugh et al. 2020). Nevertheless, 
the effects of intermediate combustion radicals on NOx production/consumption are still 
not fully understood, leading to further work being undertaken with the support of 
numerical modeling (Vigueras-Zuniga et al. 2020). However, as one of the main barriers 
of this subject, the reaction of these highly hydrogenated mixtures is still not fully under-
stood. Most reaction mechanisms still fail to properly predict the production of hydrogen, 
a by-product of the decomposition of ammonia in the primary zone of a gas turbine 
combustor. The models seem to be over-predicting the reactivity of hydrogen, whilst not 
fully resolving the cracking of ammonia into all its radicals. The problem limits the ability of 
using CFD models to design new combustors fueled with ammonia/hydrogen blends. 
Recent works (Guteša Božo et al. 2021; Pugh et al. 2020) have shown the importance of 
NH2 radicals in ammonia/hydrogen flames in terms of both flame propagation and NOx 

production/consumption. In that pursuit, this work has been undertaken to investigate the 
relationship of NH2 radicals with other species of interest and track its change in reactivity 

2 S. MASHRUK ET AL.



at slightly elevated conditions. Additionally, detailed sensitivity analysis of the species of 
interests has been carried out in these conditions. The results are of great interest to reaction 
kinetic developers as well as combustor designers working with ammonia blends.

There are many chemical kinetic models for combustion of ammonia, ammonia/hydrogen 
or ammonia/methane mixture fuels, e.g. Glarborg et al. (2018), Okafor et al. (2018), Mathieu 
and Petersen (2015), Tian et al. (2009), Konnov (2009), Lindstedt, Lockwood, and Selim 
(1994), Miller and Bowman (1989), Li et al. (2019b). As previously raised, for CFD modeling, 
reduced kinetic models are required to make computations affordable; therefore, several 
reduced/skeletal mechanisms have been developed employing different reduction methods as 
summarized by Li et al. (2019b) over the years. Ammonia mechanisms are not the exception. 
Most of these reduced models use different detailed kinetic mechanisms as a starting point, 
thus providing different results based on their independent development path. This causes 
conflict between users, as the results tend to vary and provide different combustion results.

Therefore, the present study initially assesses several reduced mechanisms for ammonia- 
hydrogen blends that have been successfully implemented in the commercial software 
STAR-CCM+. Chemical kinetics and emissions profiles are initially correlated using 
Ansys Chemkin-Pro. The most promising results serve as guidance for the selection of 
a reduced mechanism for its use in 3D CFD modeling. The best performing reaction 
mechanism, namely Okafor’s (Okafor et al. 2018), was fully studied and implemented at 
various conditions (i.e. high temperature, elevated pressure). Furthermore, results were 
expanded to determine the reactivity of various reactions that have been currently con-
ceptualized as major contributors for stability, NO formation and combustion enhance-
ment. Therefore, the results inform modelers of the potential (or detrimental) use of each 
option. Further works on these models are recommended on the analyzed grounds, with 
suggestions for follow-up considerations.

Methodology

Experimental analysis

Initial experiments were conducted using a generic, radial/tangential swirl burner, Figure 1. 
An atmospheric version of this burner was analyzed in an isothermal bench. Velocity 
fluctuations of the flow field were measured using a Flowlite Dantec Laser Doppler 
Anemometer (LDA), with a dedicated Windows Software Package – BSA Flow Software, 
for data acquisition. The measurement matrix was designed to measure 1,000 points with 
1 mm step on the horizontal axis by 1 mm step on the vertical plane. In each case, the 
seeding particles, i.e. aluminum oxide, were kept at 10,000 counts, which was far above the 
minimum accuracy level of 2,000 (Dantec Dynamics 2017). An intrusive Constant 
Temperature Anemometer CTA, with Stream Ware, a Windows-based software, was used 
to measure the flow velocity profiles to validate the measurement from the LDA, which 
provided a deviation between techniques of 3.2%.

The tests were conducted in a High Pressure Optical Combustor (HPOC), Figure 1, 
which enabled to account for non-adiabatic conditions in the system, which are known to 
produce higher NOx and lower NH3 consequence of higher reactivity (Manna et al. 2019; 
Vigueras-Zuniga et al. 2020). The experimental system, detailed elsewhere (Pugh et al. 2019; 
Valera-Medina 2020), established the boundary conditions of the CFD model, Table 1. At 
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elevated conditions, temperature and pressure were increased in such a way so that constant 
T/P ratio is maintained, retaining quasi-steady nozzle outlet velocities and combustor 
residence time for same Φ (Pugh et al. 2020). The experimental results (Pugh et al. 2020) 
were also used for validation purposes.

Combustor exhaust gas emissions were sampled downstream of the quartz confinement 
using a 9-hole equal-area probe, water-conditioned with a heat exchanger to regulate 
sample temperature (433 K) following specifications in ISO-11042 (British Standard 
1996). Nitric oxide concentrations were quantified using heated vacuum chemilumines-
cence (Signal 4000VM). Unburned NH3 measurements were obtained by redirecting 
sample through an NO converter (Signal 410) to measure unreacted concentrations (80% 
conversion efficiency). All NH3 and NO concentrations were measured hot/wet and nor-
malized to equivalent dry conditions (ISO-11042). Dry O2 concentrations were quantified 
using a paramagnetic analyzer (Signal 9000MGA) and used to subsequently normalize NO 
to equivalent 15% O2 (ISO-11042). After changing experimental conditions, burner tem-
peratures, pressures, flows and emissions were monitored and, once stable, held for 

Figure 1. Experimental rig for combustion tests (a) instrumentation and pilot injection lance, (b) inlet 
plenum, (c) premixed chamber, (d) radial-tangential swirler, (e) quartz window, (f) quartz burner 
confinement tube, and (g) high-pressure optical casing.

Table 1. Experimental and numerical boundary conditions.
Experimental Numerical

Parameter Value Parameter Value

Blend 70–30 NH3-H2 (vol%) Quartz Temperature 1560, 1585, 1590 K
Mixing Fully pre-mixed Burner section Symmetry (120°)
Equivalence Ratio (Φ) 1.2 Swirler walls Adiabatic
Inlet Velocity 2.5 m/s Ignition Temperature 3000 K
Inlet Temperature 323 (T1), 411 (T2), 499 (T3) K Turbulence 10%
Inlet Pressure 0.11 (P1), 0.14 (P2), 0.17 (P3) MPa Walls No-slip
Outlet Pressure 0.10, 0.13, 0.16 MPa Method Segregated Flow
Swirl 0.8 Mechanisms Okafor/Li/Glarborg
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a minimum of 60 samples to be taken. Systematic uncertainties comprising analyzer 
specification, linearization and span gas certification were combined with any fluctuations 
in measurement to give the total uncertainty ~5%.

Chemical kinetic modeling

Analysis was performed using CHEMKIN-PRO and at the experimental inlet conditions. 
Table 1 details the boundary conditions used for chemical kinetic modeling and CFD 
modeling detailed in the next section. The PREMIX code (Kee et al. 1985) and the 
EQUILIBRIUM tool (Gordon and McBride 1976) were used to calculate the global proper-
ties of a simplified laminar flame. An adaptive grid of 1000 points was employed with 
mixture-averaged transport properties and trace species approximation. The mechanisms 
from Okafor et al. (2018), Li et al. (2019b) and Glarborg et al. (2018) were employed and 
compared with both experimental and numerical results. The objective was to better 
understand the discrepancy between models and address the most sensitive reactions to 
the production of important species such as NH, NH2 and OH. Okafor’s (Okafor et al. 2018) 
mechanism was chosen for sensitivity analysis on the basis of further validations explained 
below.

A chemical reactor network (CRN), previously developed elsewhere (Guteša Božo et al. 
2021; Mashruk, Xiao, Valera-Medina 2020; Mashruk 2020), was employed to model the 
combustion zone, Figure 2. Mixing zones, flame zones, central recirculation zone (CRZ) 
and external recirculation zone (ERZ) were modeled by individual perfectly stirred reactors 
(PSR), and the volume and residence time for each PSR were obtained from previous RANS 
CFD analysis (Vigueras-Zuniga et al. 2020). The recirculation strength was determined by 
previous experimental campaigns that employed comparable burners (Mashruk 2020; 
Valera-Medina, Syred, Bowen 2013), as well as from the LDA measurements undertaken 
in this study. The calibration of the model for determination of residence time and heat loss 
in the rich flame zone was achieved in accordance to previous experiments (Syed Mashruk 
2020; Valera-Medina et al. 2019; Valera-Medina et al., 2018c). The post-flame zone was 
modeled by a plug flow reactor (PFR) with one dimensional length of 30 cm.

Figure 2. Chemical reactor network (CRN).
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Numerical modeling

The software Star-CCM+ v19.3 was employed to conduct CFD analysis using Okafor’s 
reduced reaction mechanism, which performed the best during the validation campaign, 
detailed below. The analysis was conducted using RANS k-w SST modeling that is known to 
provide good average results for tangential swirling flows (Baej et al. 2014; Eriksson 2007). 
Second-order discretization was employed for convection of segregated flows, whilst cur-
vature correction was applied to the turbulence model. For the resolution of combustion, 
reacting species transport with Complex Chemistry was employed in combination with the 
Turbulent Flame Speed Closure model. The model employs Zimont’s Turbulent Flame 
Speed approach, which includes wall effects for quenching the flame near these regions with 
unburnt thermal diffusivities estimated using a power law. Simultaneously, clustering 
methods were employed to reduce the computational expense of Complex Chemistry 
calculations (Siemens 2019).

Initial analysis was performed to compare the hydrodynamics within the system, with 
special emphasis on velocity profiles, coherent structures and flame features (i.e. angle, 
diameter, etc.). Posteriorly, combustion analysis was validated using emission results from 
previous campaigns (Pugh et al. 2020). For CFD resolution, a numerical mesh consisting of 
3.4 million cells was used for the calculations, Figure 3. The mesh represents only one-third 
of the entire section of the burner. Periodicity was established in all the side frontiers of the 
mesh in order to simulate the entire flow. The mesh was improved using Local Mesh 
Refinement in the downstream zone of the burner, just passed the nozzle where CRZ and 
shearing flow are formed. Preliminary characterization was conducted for a mesh indepen-
dency analysis. Meshes with ~1.5, 3.4 and 7.5 million cells were also compared, with the 
intermediate cell providing similar results to the finest case and 2/3s of the time for 
resolution. Residual values ranged from 10−4 to 10−9.

Further numerical modeling was conducted to determine the impact of different species 
on NH2 production rates. Eight planes, shown in Figure 3, were compared with spacing of 
0.10D, D being the diameter of the burner outlet. Results were then evaluated at various 

Figure 3. Mesh used for modeling. Top) Surface of tangential swirl burner; Bottom) volumetric mesh; 
Right) measurement positions. The mesh has been refined at the center where CRZ and shearing flow are 
formed.
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pressures and inlet temperatures to determine the impact of these variables on the produc-
tion/consumption and reactivity of NH2. All simulations were conducted using a blend of 
70–30 (vol%) ammonia-hydrogen as measured in previous experimental campaigns (Pugh 
et al. 2019; Valera-Medina et al. 2017; Valera-Medina 2020).

Results

CFD validation at isothermal flow conditions

Initial calculations were compared with isothermal experiments in order to determine that 
the hydrodynamics of the systems were in accord with those of the numerical model. The 
results provided in Figure 4 show good agreement for the velocities and formation of 
coherent structures across the burner. A well-formed CRZ appears in the middle of the 
system, with a shearing flow characteristic of these flows and at similar overall attributes as 
those recorded in previous experiments (Runyon et al. 2015, 2018; Valera-Medina et al. 
2017). It is believed that discrepancies in the length of the central recirculation zone for the 
intermediate planes (i.e., located at 33 and 43 mm) are caused by the turbulence model 
employed (RANS) that does not account for complex structures such as the precessing 
vortex core that squeezes the coherent structure. However, the result evidence good 
accuracy between model and experiments with same trends, peak values and shearing 
flow location. Therefore, having confidence on the hydrodynamics of the flow, the study 
progressed into the use of combustion for evaluation of a reduced mechanism.

CFD validation under combustion conditions

Numerical simulations were carried out based on the experimental conditions, Table 1, 
reported by Pugh et al. (Pugh et al. 2020). Initial analysis was conducted using the CRN, 
Figure 2, to determine the mechanism that would be employed for 3D CFD simulations. 
Three mechanisms, namely Okafor et al. (2018), Li et al. (2019a) and Glarborg et al. (2018), 
were compared, Figure 5. The seemingly increasing NO production with increasing pres-
sure can be attributed to increasing inlet temperature (Pugh et al. 2019, 2020). As can be 
seen, these mechanisms either overpredict (Li), underpredict (Okafor) or do not correlate 
(Glarborg) the experimental NO emissions obtained for the blend and operational condi-
tions attempted in this work. Most mechanisms overpredict the production of OH radicals 

Figure 4. Isothermal results. Left) numerical model; right) LDA experiments.
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(Mashruk, Xiao, Valera-Medina 2020) which are directly correlated to NO/ammonia 
recombination processes. Although these are still points for improvement in such mechan-
isms (Elishav et al. 2020), the order of magnitude of the NO emissions between experiments 
and numerical simulations (Li and Okafor) is similar. Even though Li’s predictions were 
closer to experimental results, Okafor’s mechanism was employed for CFD resolution since 
the trends are the same, previous work has shown good correlations for ammonia flames 
(Kobayashi et al. 2018), the mechanism is a reduced version of Tian’s mechanism (Tian 
et al. 2009) whose validation has also been widely confirmed (Elishav et al. 2020), and the 
low number of species (27) and reactions (130) make it a model with low computational 
costs, a critical parameter for the solution of these multi-physical processes.

3D CFD analysis using Okafor’s mechanism was compared with experimental data, 
Figure 6. NO emissions are in accord with those obtained using the CRN, following 
similar trends and values. Interestingly, unburned ammonia concentrations are properly 
resolved at elevated pressure and inlet temperatures. Unfortunately, correlation under 
atmospheric conditions is poor with a 3-fold discrepancy between values. This is 
a problem that is well-known for the use of current mechanisms. For the case of 
Okafor’s model, although it has shown very good resolution in other experimental 
campaigns, the impact of different hydrodynamics and reaction ratios affect the final 
results, thus still requiring further improvements out of the scope of this work. Recently, 
Colson et al. (2020) showed how the resolution of existing mechanisms is still inaccurate 
for certain premixed ammonia-based blends. Thus, only the points T2/P2 and T3/P3 
(refer to Table 1) were used for CFD analysis. However, all the conditions (T1/P1, T2/P2, 
T3/P3) were considered for sensitivity and ROP analysis in Chemkin-Pro platform with 
Okafor’s reduced mechanism (Okafor et al. 2018) as the initial results displayed the 
similar experimental trend, Figure 5. It is again emphasized the crucial need to keep 
improving the resolution of these and other chemical kinetic mechanisms for better 
correlations.

Figure 5. Comparison between experimental results and mechanisms predictions.
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NH2 correlation with pools of radicals and energy

As depicted previously, one of the most important radicals in ammonia flames is NH2, 
which is known to drive many of the processes in these flames. However, to have 
a deeper understanding of the effect of NH2 at different conditions, the numerical 
analysis focused on resolving this species and its impacts on other important parameters 
across the flame. The discussion is conducted with an intermediate inlet pressure (P2) 
and intermediate inlet temperature (T2), Table 1, for further comparison with T3/P3 
condition later on.

Preliminary results show the large production of NH2 at the flame front/shearing flow, 
Figures 7 and 8 . This is the region of highest temperature at the flame zone, increasing the 
enthalpy in the amidogen (NH2) molecules, Figure 9, with higher heat release, Figure 10. 
These results are in line with experimental results obtained by others (Pugh et al. 2020), 
where NH2 seems to be formed closer to the upper part of the flame. NH2 is the main fuel- 
derived radical, and its presence is an indication of where NH3 is actually consumed. The 
conversion of NH3 to NH2 is further analyzed in Section 3.5. NH2 radicals participate in 
further DeNOxing (Coutant, Merryman, Levy 1982; Miller et al. 1985; Prada and Miller 
1998) purposes via NH2+ NO → H2O+N2. Due to the higher reactivity of NH2 compared to 
ammonia and other species (i.e. NO), the signature of this molecule remains a high 
contributor to the reaction as depicted by others (Hayakawa et al. 2015) and addressed 
next, shifting the wavelength to the orange spectrum representative of NH2 combustion 
(between 543 and 665 nm (Pearse and Gaydon 1976)), an observed trend discussed else-
where (Valera-Medina et al. 2019).

Major radicals were extracted at different axial locations, as shown in Figure 3. The 
results, Figure 11, denote some of the impacts of reactivity and interaction between species 
along the radial distance. The data in the figure has been normalized for the ease of 

Figure 6. Correlation between experiments and 3D-CFD simulations, NO and NH3 emissions.
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comparison at one constant axial distance (0.001 m). The selected normalization method 
was based on using the maximum and minimum values within the obtained data from the 
simulation, 

xnormalized ¼
x � xmin

xmax � xmin 

x being the parameter in consideration. Normalized images at all the other locations, 
Figure 3, are given in supplementary material, Figs. S01–S07. Figures containing the raw 
data with all eight axial distances have been made available in the supplementary material, 
Figs. S08–S09.

It is clear that there are many peaks that are in accord with the highest NH2 production 
zones. For example, the highest chemical heat release denotes clear NH2 production peaks. 
Similarly, N2 shows correlated peaks with minor delay located within the central recircula-
tion zone, consequence of the reaction of NH2 with nitric oxide (NO) to produce the 
nitrogen molecule, a trend that repeats with H2O due to the reaction NH2+ NO→N2+ H2 

O. Similarly, NO and N2O show clear, positive trends with the production rates of amido-
gen, with all peaks slightly displaced within the central recirculation zone. However, due to 
the large data, there are many relations within these results that need to be statistically 

Figure 7. Coherent structures within the field.

10 S. MASHRUK ET AL.



Figure 8. Rate of production of NH2, T2/P2 conditions. Units [kg/m3s].

Figure 9. Enthalpy of NH2, T2/P2 conditions. Units [kg/m3s].
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correlated to NH2 production, as some hidden parameters escape visual correlation across 
the studied planes. Therefore, statistical correlations have been established using the 
following approach: 

Corr Y;Zð Þ ¼
Covariance Y;Zð Þ

σY σZ 

Being Y the NH2 variable, Z another variable form the available set of parameters, Corr(Y,Z) 
is the statistical correlation between variables Y and Z, σY and σZ the standard deviations of 
variables Y and Z, respectively. The results, Figure 12, show the correlation between 
parameters and NH2 across the flame in the studied positions, Figure 3. Similarly, these 
correlations were plotted using a Principal Component Analysis (PCA), Figure 13.

Principal component analysis (PCA) is a technique for reducing the dimensionality of 
such datasets, increasing interpretability but at the same time minimizing information loss. 
It does so by creating new uncorrelated variables that successively maximize variance 
(Jolliffe and Cadima 2016). PCA is defined as an orthogonal linear transformation that 
transforms the data to a new coordinate system such that the greatest variance by some 
scalar projection of the data comes to lie on the first coordinate (called the first principal 
component), the second greatest variance on the second coordinate, and so on (Jolliffe 
2002).

Up to 24 principal components were recognized using the software Analyze-it®, Figure 13. 
The first two components contribute to 59.3% of analysis, with positive correlations shown 
with angles below 90°, no correlation at 90°, and negative clear correlations between species 
at angles close to 180°. As visually depicted from previous results, Figures 11 and 12 , 
Chemical heat, H2O, N2, NO, N2O and NNH show clear positive correlations with NH2 

across the flame. There are also other clear negative correlations such as NH3. However, 
other species with week/no correlations are also evident with this analysis, for example, 

Figure 10. Heat release rate, T2/P2 conditions. Units [J/m3s].
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O and NH. This is an expected behavior consequence of the high reactivity of NH2 and the 
high temperatures in this region, leading to the production of species such as O and NH that 
impact on the production of nitrogen oxides via HNO, which interestingly does not show an 
evident correlation across all the layers of the flame. Furthermore, contrary to what would be 
expected, NO2 is mostly consumed within these peaks, likely due to the high concentration of 
NH2 and high temperatures, leading to decomposition and recombination of nitrous oxides, 
trend that is observable in these results.

Molecules such as O and NH also show peaks correlated to the highest point of 
production of NH2, Figure 11, as would be expected due to the increased reactivity of 
oxygen and the formation of OH that interacts with ammonia for the decomposition of the 
latter to form NH2. However, other radicals such as NNH and N2H2 also denote an increase 
in production with NH2. Whilst NNH is known to be a molecule that is of great importance 

Figure 11. Comparison between normalized production rates of NH2 and other species and parameters at 
0.001 m from the burner exit.
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Figure 12. Correlations between NH2 and the rest of species and parameters at different locations 
according to Figure 3.

Figure 13. Bipolar multivariable analysis. Most correlations are depicted as described in Table 2.
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in the consumption of N and NO (Klippenstein et al. 2011), its production under these 
conditions is 2 orders of magnitude lower than the production of NO, thus slightly 
contributing to the consumption of nitric oxides in this region. Moreover, molecules such 

Table 2. Correlations to NH2 production/consumption of species and other parameters.

Parameters/Species Observed correlation with NH2 

Enthalpy No clear correlation.

Heat Release Shows a clear, high, positive correlation. Heat release peak is slightly 
delayed near the burner exit but coincide with the NH2 formation at 
the higher axial positions. 

N2 Slightly delayed within the CRZ at the burner exit while coincide at 
the center of the flame and deviate again at higher axial positions, 
but it presents a clear, positive correlation.

N2H2 No clear correlation.

N2H3 Shows in all NH2 peaks negative valleys of different sizes. Clear 
negative correlation.

TKE No clear correlation.

Vorticity Positive, weak correlation.

Temperature No correlation.

H Peaks and valleys, no clear correlation.

H2O Shows a clear, high, positive correlation.

HNO Peaks and valleys, complex correlation.

HO2 Peaks and valleys, complex correlation.

N Not clear correlation.

N2O Shows a clear, high, positive correlation.

NH Slightly delayed correlation within the CRZ at the burner exit while 
coincide at the center of the flame and deviate again at higher axial 
positions, with positive correlation. 

NH3 Shows a clear, negative correlation.

NNH Slightly delayed correlation within the CRZ at the burner exit while 
coincide at the center of the flame and deviate again at higher axial 
positions, with positive correlation. 

NO Shows a clear, high, positive correlation. Slightly delayed peak at the 
burner exit while coinciding at the center of the flame. 

NO2 Shows a clear, negative correlation.

O Shows a clear, positive correlation.

OH Peaks and valleys. No clear correlation.
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as N2H3 have received less attention. It must be emphasized that the latter shows a negative 
correlation to the production peaks of amidogen as N2H3 is formed directly or indirectly 
from NH2 recombination reactions, thus acting as a species whose consumption greatly 
impacts the formation of NH2. Due to the high reactivity of NH2, the correlation with 
residence time, Turbulent Kinetic Energy (TKE) and vorticity, which are orders of magni-
tude greater than amidogen’s chemical reaction rate, are not strong. For instance, vorticity 
shows always positive, weak correlation, whilst turbulence does not show an evident trend. 
Similarly, temperature and enthalpy do not have a clear correlation to NH2. Vorticity is the 
only hydrodynamic value with a considerable correlation across low to medium layers, 
a parameter that will be further explored at the elevated conditions to elucidate any real 
correlation to the production of amidogen.

Figure 14. Production rate of NH2. (a) T2/P2, and (b) T3/P3 conditions. Units [kg/m3s].

Figure 15. Heat release rate. (a) T2/P2, and (b) T3/P3. Units [J/m3s].
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Further analyses were conducted on NO reduction. Different to the peaks of NH2, the 
consumption of nitric oxides mostly correlates to the consumption of NNH, O, NH2 and 
a slight increase in residence time, Figures 11–13. Furthermore, N does not appear to have 
a clear correlation with NH2. These results are in accord with other studies (Glarborg et al. 
2018; Klippenstein et al. 2011; Skreiberg, Kilpinen, Glarborg 2004) that raise the importance 
in the balance of the formation of pools of radicals and temperature profiles for the 
reduction of NO concentration. However, as depicted here, the use of flames with limited 
control in species recombination and residence time control can be detrimental to the 
formation of pollutants, thus requiring more strategic injection philosophies. A summary of 
the observed trends is shown in Table 2.

Impact due to change in inlet pressure and temperature

Results denote how at different inlet temperatures and pressures a critical change in NH2 

reactivity and chemical heat release occurs in Figures 14 and 15 . Furthermore, the size of 
the flame has also contracted at higher pressure with a thinner, more active reaction layer 
for the production of NH2. Interestingly, NH2 shows not only more production but also 
higher consumption ratios at elevated conditions, thus leading to higher NO emissions in 
the flame zone, which can be attributed to increased inlet temperature (Pugh et al. 2020). 
This has been demonstrated experimentally elsewhere (Valera-Medina et al. 2019). 
Furthermore, recent results obtained by Pugh et al. (2020) denote the considerable increase 
in NH2* chemiluminescence at higher inlet temperature and pressure conditions, thus 
being in accord with the results here presented, thus indicating proportionality between 
ground state NH2 and electronical excited state NH2*.

This increase in NO emissions is also in accord with the results observed in section 3.3, 
where the high peaks of NH2 specify the locations where the reaction of amidogen with 
combined pools of OH, O and H deliver high NH concentrations that interact with OH to 
form HNO, precluding the production of NO. However, different to those cases at lower 
temperature and pressure, unburned ammonia, and larger unconsumed pools of NH2 located 
in colder recirculation zones keep acting further downstream the flame zone in post-flame 
regions, mitigating the overall production of NO emissions at the outlet of the combustion 
zone. Detailed sensitivity analysis at Section 3.5 shows how the increase in pressure accom-
panied by higher inlet temperatures not only promotes NO at the flame but also ensures that 
unreacted NHx can recombine with surrounding NOx molecules to mitigate pollutants.

Vorticity and its impacts on the production of NH2 were also assessed to determine 
whether the correlation between these parameters exists or not, Figure 12. Vorticity and 
vortical structures were extracted from the flow field, Figure 16. The Q-criterion was used to 
extract the vortical structures (Jeong and Hussain 1995), 

Q ¼
1
2

W2�
�

�
� � S2�

�
�
�

� �

Where W the vorticity tensor and S the rate-of-strain tensor.
Figure 16a denotes how vorticity is highly localized close to the dumping plane and 

through the boundaries of the flame and recirculation zone, an expected result. However, 
Figure 16b,c, shows that the production of NH2 (weak positive correlation, Figures 12 and 
13) does not appears consistent through the boundaries of the vortical structures, with only 
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the upper structures showing some decent production points. Although it was expected that 
the vortical structures would play a more critical role in the production/recombination of 
NH2 due to enhanced residence and mixing time, the current results show the opposite. The 
effect seems to occur mainly in the area facing the inner core of the recirculation zone and 
the flame. Nevertheless, it must be emphasized that the resolution of these vortical struc-
tures is not as rigorous as with other turbulence models (i.e. LES), hence leaving this subject 
inconclusive and as a potential for further research.

Figure 16. (a) Vorticity [1/s] in T2/P2 (left) and T3/P3 (right); (b) T2/P2 and (c) T3/P3 superimposed NH2 

production over vortices identified at Q = 5e+6 over axial velocity background.
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Sensitivity analysis

Further analysis, Figures 17–24, show the previous trends and those occurring in the post- 
combustion zone.

For example, Figure 17a,b show the calculated normalized sensitivity and absolute rates 
of production (ROP) of NH2 at the flame zone, respectively. The reactions responsible for 
overall NH2 production and consumptions have the lowest ROP at T1/P1 conditions and 
the highest ROP at T3/P3. The elevated conditions increase the reaction rate of the reactions 
under consideration, Figure 17b. However and interestingly, in terms of sensitivity coeffi-
cients, most of the reactions show higher sensitivity for atmospheric conditions than the 
elevated conditions, thereby it can be concluded that even though elevated conditions have 
higher ROP at the flame zone, these reactions have larger effect on overall NH2 at atmo-
spheric conditions. NH3 reacts with OH and H radicals to produce NH2 radicals, which in 
turn reacts with OH and H radicals again to produce NH radicals, prompting the reaction 
H + O2 ↔ O + OH (R1) to have overall negative sensitivity for NH2 at the flame zone, 
Figure 17a.

Figure 17. (a) Normalized sensitivity coefficients, and (b) absolute ROP of [NH2] at the flame zone.

Figure 18. (a) Normalized sensitivity coefficients, and (b) absolute ROP of [NH2] at the post flame zone.
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As the fuel was burnt under rich conditions at the flame zone, some of the unburnt 
NH3 escapes rich flame zones and reacts with available radicals in the post-flame zone to 
convert into NH3 → NH2 → NH. At the same time, some of the NH2 radicals convert 
back to NH3 through the third body reaction NH3 + M ↔ NH2 + H + M (R2), operating 
at reverse direction. Interestingly, the reactions NH + OH ↔ HNO + H (R3) and 
N + OH ↔ NO + H (R4) display negative sensitivity for NH2 at atmospheric condition 
but positive sensitivity for elevated conditions, whereas the reactions N + NO ↔ N2 + O 
(R5) and NH + NO ↔ N2 + OH (R6) show positive sensitivity for NH2 at atmospheric 
condition but negative sensitivity for elevated conditions at the post-flame zone, 
Figure 18a. Reactions R3 and R4 operate at forward direction at T1/P1 condition, 
opposed to the elevated conditions, thus restricting the availability of OH radicals for 
NH3 conversion to NH2, resulting in negative sensitivity. Reaction R5 operates at 
forward direction for all the conditions considered here but has significantly lower 
ROP at atmospheric condition than the elevated conditions. This low ROP of reaction 
R5 can be attributed to the forward/backward operation of reaction R4, thus limiting the 
availability of atomic N at the atmospheric condition for R5 to occur, which in turn limit 
the conversion of NH2 to HNO by reacting with O radicals. Reaction R6 operates at 

Figure 19. Absolute ROP of [NH3] at (a) the flame zone and (b) the post-flame zone.

Figure 20. (a) Normalized sensitivity coefficients, and (b) absolute ROP of [H2] at the flame zone.
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forward direction for T1/P1 condition whilst showing backward trends for T2/P2 and 
T3/P3 conditions, resulting in opposing sensitivity for overall NH2 at the post-flame 
zone.

Figure 19a,b, illustrates the absolute ROP of NH3 at the flame zone and the post-flame 
zone, respectively. Rate of consumption and production of NH3 is about 4 times higher at 
the post-flame zone than the flame zone due to the rich combustion condition. NH3 

converts to NH2 by reacting with H and OH radicals and NH2 converts back to NH3 

through reaction R2 operating backwards at both flame and post-flame zones. Additionally, 
small amounts of NH3 react with O radicals to produce NH2 radicals and NH2 radicals 
convert back to NH3 through decomposition/addition reaction 2NH2 ↔ NH3 + NH (R7) at 
the flame zone.

Next, sensitivity analysis was carried out for H2, which is an important part of the fuel 
blend under consideration. Computed normalized sensitivity coefficients of H2 at flame 
zone and post-flame zone are displayed in Figures 20a and 21a, respectively. Due to the 
rich combustion condition, reaction R1 only shows sensitivity to H2 at the flame zone 
where all the relevant intermediate species (i.e. H, O and OH) are formed and play an 
important role to oxidize the fuel and reduce ignition delay time (Mashruk, Xiao, Valera- 
Medina 2020; Warnatz, Maas, Dibble 2006). Other than reaction R1, all the other 
reactions responsible for H2 concentrations at the flame zone (Figure 20a) show opposite 
effect to NH2 concentrations (Figure 17a) at the flame zone for all the inlet conditions 
under consideration. H2 reacts with OH and O radicals to produce H radicals, which in 
turn decomposes nitrogen-based species NH3, NH2, NH, N2H2 etc. to enhance ammonia 
reactivity, Figure 20b. Reactions responsible for H2 sensitivity at the post-flame zone, 
Figure 21a, feature quite a few reactions involving NO and N2O. These reactions have 
highest sensitivity at T1/P1 condition, thus giving lowest NO readings both experimen-
tally and numerically at this condition. These reactions will be discussed further at the 
following part of the analysis. Similar reactions feature at the post-flame zone for overall 
H2 concentration, Figure 21b, as at the flame zone but with considerably higher ROP 
values.

Figure 21. (a) Normalized sensitivity coefficients, and (b) absolute ROP of [H2] at the post flame zone.
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Finally, NO sensitivity analysis has been conducted to identify the reactions responsible 
for NO formation and consumption with changing inlet conditions. Initially, NO forma-
tion/consumption at the flame zone is analyzed with aids of quantitative reaction path 
diagrams (QRPD), Figure 22, and normalized sensitivity coefficients of NO, Figure 23. As 
described earlier, NH3 converts to NH2 by reacting with H and OH radicals. NH2 then 
primarily convert to NH by reacting further with H and OH radicals. NH2 also converts to 
molecular N2 and nitric acid by reacting with atomic N and O radicals, respectively. NH 
radicals then react with OH to produce HNO and H radicals. This particular reaction is the 
major source of HNO production, thus having the highest positive sensitivity of NO, 
Figure 23a. Remaining NH radicals convert to atomic N and molecular H2 through the 
reaction NH + H ↔ N + H2 (R8). HNO then produce NO through the reactions HNO + 
H ↔ H2 + NO (R9) and H + NO + M ↔ HNO + M (R10), operating backwards. Atomic 

Figure 22. Quantitative reaction path diagram showing NO formation/reburn pathways at the flame zone 
for (a) T1/P1, (b) T2/P2, and (c) T3/P3 conditions.
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N reacts with OH through the reaction N + OH ↔ NO + H (R11) and molecular O2 to 
produce further NO. Interestingly, the proportion of NO production from N reacting with 
O2 compared to OH radicals decrease as inlet conditions elevates to higher T/P, Figure 23a.

NO formed in the flame zone mostly converts to N2 by reacting with atomic N, NH and 
NH2 radicals in decreasing order, reflecting in high negative NO sensitivity. Some of the NO 
also convert to N2 via NNH. Some N2O is also formed from NO through the reaction NH + 
NO ↔ N2O + H (R12). This reaction has second highest negative sensitivity for NO 
concentration at the flame zone after N + NO ↔ N2 + O (R13). Most of the nitrous 
oxide produced in the flame zone convert to N2 by reacting with atomic H and through the 
third body reaction N2O (+M) ↔ N2 + O (+M) (R14).

Figure 24 details the computed normalized sensitivity and absolute ROP of NO 
concentration at the post-flame zone. Most of the NO produced at the flame zone 
burns away at the post-flame zone. Contrary to the flame zone, reactions R10 and R11 
operate at opposite direction to contribute toward NO consumption at the post-flame 
zone for all the inlet conditions. Significant amount of NO also convert directly to N2 

through reaction R13 and via N2O through reactions R12 and R14. Reaction rates for NO 

Figure 23. (a) Normalized sensitivity coefficients, and (b) absolute ROP of [NO] at the flame zone.

Figure 24. (a) Normalized sensitivity coefficients, and (b) absolute ROP of [NO] at the post flame zone.
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consumption at the post-flame zone are four orders of magnitude lower than flame zone 
and increases considerably for the elevated conditions compared to T1/P1 condition at 
post-flame zone.

Overall, an increasing trend in the reaction rates was observed with increasing inlet 
conditions, even though the inlet flow rates were kept constant for this study, an expected 
result. NHx radicals were shown to be produced in the flame zone through the reactions 
between NH3 and H, O and OH radical pools. Presence of H2 in the fuel blend was shown to 
increase reactivity of ammonia via increased production of these radicals. However, the 
production of NO at the flame zone was highly dependent of NH2 radicals via HNO and 
atomic N. However, most of the NO produced at the flame zone shown to be consumed at 
the post-flame zone due to the presence of atomic N and NHx radicals.

Conclusions

Fully premixed 70/30vol% NH3/H2 swirl flames were investigated numerically in Chemkin- 
Pro and Star-CCM+ environments to evaluate the changes in NH2 formation at three 
different T/P conditions with an equivalence ratio of 1.2 and its effect on NO concentration. 
CFD calculations were validated for isothermal conditions in terms of hydrodynamics of 
the system with the aid of LDA measurements and with emissions from experimental tests 
for combustion conditions. Okafor’s mechanism was employed for this investigation due to 
its low computational costs and similar prediction trends with experimental data. In 
addition, detailed sensitivity and ROP analysis were carried out to understand and identify 
the reaction pathways involved in the formation and consumption of NO under different 
conditions. The main conclusions of this study are summarized as follows.

(1) NH2 production peaks correlated with highest chemical heat release, as well as 
other important species like O, NH and NNH, while negative correlation was 
demonstrated for NH3, with hints of some negative correlation with H2 and N2 

H3. NO and N2O production peaks were captured near NH2 peaks at the flame 
front, showing a direct link of NH2 radicals to their production. However, NO2 

was found to be mostly consumed within these NH2 peaks, mainly due to the 
high NH2 concentration and presence of high temperature. This led to decom-
position and recombination of N2O in the flame. NO reburn was found to be 
correlated with the consumption of NNH, O, NH2 radicals and increase in 
residence time.

(2) At higher inlet temperatures and pressures, NH2 production/consumption rate 
increases due to contracted flame zone, resulting in thinner, more active reaction 
layer and increased NO production. NO produced at the flame zone was mostly 
consumed at the post-flame zone due to the higher availability of NH2 radicals and 
unburned ammonia.

(3) The Q-criterion was employed to identify correlation between vorticity and NH2 

production. Vortices were located near the dumping plane and through the bound-
aries of the flame and recirculation zone but NH2 was only found to be produced at 
the upper vortical structures with the turbulence model used in this investigation. 
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Hence, further analyses are recommended with more detailed turbulence models to 
elucidate the impact of vortical structures, which seems to occur within the inner 
part of the flame.

(4) Sensitivity and ROP analysis for NH2, H2 and NO further validated these findings. 
The reactions NH3 + OH ↔ NH2 + H2O and NH2 + H ↔ NH + H2 were shown to 
have maximum sensitivity for NH2 production and consumption, respectively, 
irrespective of inlet conditions and combustion locations. H2 sensitivity analysis 
showed opposite sensitivity to NH2 for the same reactions as H2 plays an important 
role to enhance NH3 flammability by forming H, O and OH radicals.

(5) Atomic nitrogen was found to be main contributor toward NO reduction to mole-
cular nitrogen and the largest source of NO production was NH radicals forming 
through NH3 → NH2 → NH pathway, which reacts to OH radicals to form HNO 
and then NO. The branching ratio of the NO reburn reactions NH + NO ↔ N2O + 
H and NH + NO ↔ N2 + OH are critical to contain the greenhouse gas N2O, and 
further studies are recommended here.
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