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Abstract 

The combustion characteristics of ammonia and ammonia-hydrogen fuel blends under spark-

ignited turbulent premixed engine-relevant conditions were investigated by means of direct 

numerical simulation and detailed chemistry. Several test cases were investigated for an 

outwardly expanding turbulent premixed flame configuration covering pure ammonia and 

ammonia-hydrogen fuel blends with 10% and 15% hydrogen content by volume for different 

equivalence ratio values of 0.9, 1.0 and 1.1. The results showed that the fuel-lean flames exhibit 

strong wrinkled structures at flame front compared to stoichiometric and fuel-rich flames. The 

heat release rate plots indicate that adding hydrogen into ammonia improves the reactivity of 

the flame and enhances the combustion process. The scatter plots of heat release rate versus 

local curvature coloured by NO formation, show that high heat release rate values occur in the 

concave structures and low heat release rate values occur in the convex structure, which is 

consistent with NO distribution. The highest turbulent burning velocity values were found for 

the fuel-lean cases because of the more wrinkled flame front with lower effective Lewis 

number compared to fuel-rich cases. The results found a bending effect for the ratio between 

turbulent to laminar burning velocities with respect to hydrogen addition at all tested 

equivalence ratios with 10% hydrogen addition into ammonia exhibiting a peak value for the 

burning velocity ratio. Two distinct flame structures (concave and convex) were analysed in 

terms of local equivalence ratio based on the elements of N, O and H, O. They revealed an 

opposite distribution of NO formation normal to the flame front within concave and convex 

structures. Elementary chemical reactions involved in NO formation have shown that hydrogen 

addition into ammonia influences the reactivity of certain chemical reactions.  

 

Key Words: Direct Numerical Simulation, Ammonia-Hydrogen Fuel Blends, Premixed 

Combustion, High Turbulence, Elevated Pressure, NO formation 
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1.Introduction 

With the increasing threat of climate change on earth, it is necessary to utilise low carbon and 

clean fuel options to reduce greenhouse gas emissions and regulated pollutant emissions from 

combustion engines. Searching for alternative fuels with zero-carbon combustion emissions 

such as in hydrogen (H2) and ammonia (NH3) is becoming more popular in recent combustion 

research for a range of combustion devices such as internal combustion engines, gas turbines 

and burners.  

 

Hydrogen has been widely recognised as a clean fuel for decades and the combustion 

characteristics of hydrogen is generally well-known. Nevertheless, there are still unsolved 

challenges in large-scale utilisation of hydrogen fuel in combustion devices such as internal 

combustion engines and gas turbine engines, because of issues in hydrogen supply chain, 

economic storage and secure transport [1]. Recently, ammonia has emerged as a promising 

zero-carbon fuel and hydrogen-energy-carrier due to its very high hydrogen content and easy 

liquefaction by compression compared to hydrogen. For example, ammonia can be stored in 

liquid form at 9.9 atm and room temperature (25°C) or at 1 atm and temperature of -33.4°C 

[1,2]. There is a clear advantage for ammonia over hydrogen when it comes to economic 

storage and secure transport.  However, ammonia is a low reactive zero-carbon fuel and it faces 

different challenges for its utilisation in combustion engines.  For example, combustion 

characteristics of ammonia fuel exhibits low combustion intensity, low burning velocity and 

high nitric oxide (NOx) emissions compared to combustion characteristics of hydrogen fuel. 

The ammonia fuel also has high auto-ignition temperature and low flammability range 

compared to hydrogen fuel. The most common methods of enhancing combustion intensity of 

ammonia-air are hydrogen addition and oxygen-enrichment.  
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In recent years, various fundamental and applied research studies have been carried out to 

address the chemical kinetics and burning characteristics of ammonia, ammonia-hydrogen fuel 

blends and ammonia-methane fuel blends under laminar and turbulent flow conditions at 

atmospheric and elevated pressures. For example, detailed and/or reduced chemical 

mechanisms have been developed for pure ammonia combustion [3-12], ammonia-hydrogen 

and ammonia-methane fuel blends [13-23]. Most of the studies on detailed chemical kinetics 

have considered more than 100 elementary reactions [4-6, 17]. Several studies have applied 

reduced chemical kinetic mechanisms for ammonia combustion. For example, Duynslaegher 

et al. [8,10] studied a flat, freely propagating flame of premixed ammonia-air flames under 

various spark-ignition engine operation conditions (1-49 atm., 295-732 K), which showed the 

peak laminar burning velocity at equivalence ratio of 1.12 while the highest adiabatic flame 

temperature occurred at stoichiometric condition. Xiao et al. [14-15] have tested the 

applicability of reduced chemistry mechanisms developed by Tian [6] and Mathieu [11] for 

ammonia-hydrogen combustion under practical engine conditions, and found good agreement 

with the experimental data for laminar burning velocity and ignition delay time.  Rocha et al. 

[20] developed three reduced chemistry mechanisms, consisting of less than 80 reactions, 

which have been validated by Cantera in terms of shock tube ignition delay times, laminar 

burning velocity and NOx emissions for ammonia-air and ammonia-hydrogen-air mixtures as 

a function of equivalence ratio at elevated pressure and different temperature conditions. They 

found that pure ammonia flames exhibit high ignition delay times and lower burning velocity, 

while the mixture of ammonia-hydrogen can improve the combustion behaviour of ammonia 

flame. Shrestha et al. [21] studied a reduced chemistry mechanism for ammonia-hydrogen fuel 

blends with oxygen-enriched conditions at intermediate temperature and elevated pressure. 

They found that 9% increase of oxygen by mass compared to air has the same effect as 30% 

hydrogen addition by mass in ammonia-hydrogen fuel blend. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



5 
 

 

Besides the above noted studies on chemical kinetic mechanisms for ammonia and ammonia 

fuel blends, there is a body of literature on experimental and numerical investigations of 

ammonia and ammonia fuel blends at atmospheric and high pressure conditions [24-48]. Lee 

et al. [25] have carried out an experimental study of spark-ignited spherical laminar premixed 

ammonia/hydrogen/air flames and found that preferential-diffusional and hydrodynamic 

cellular instabilities in hydrogen-air combustion can be suppressed by ammonia addition 

instead of methane, especially under for fuel-lean conditions. Hayakawa et al. [27] have 

experimentally clarified the decreasing unstretched laminar burning velocity of ammonia/air 

laminar premixed flames with the pressure increase. They also found that the Markstein length 

increases with an increase in equivalence ratio. Meanwhile, Okafor [32] calculated the laminar 

burning velocity and Markstein length of ammonia-methane-air laminar flames with pressures 

up to 0.50MPa, which revealed that more ammonia in the fuel and high pressure led to lower 

unstretched laminar burning velocity. At high pressures, the Markstein length decreased with 

an increase of ammonia for the lean flame, and opposite tendency was observed for the rich 

flame. Furthermore, Lhuillier et al. [34] obtained data for laminar burning velocity of premixed 

ammonia-hydrogen-air flames at atmospheric pressure and intermediate temperature with 

hydrogen addition up to 60% by volume. They found that laminar burning velocities increase 

with increasing hydrogen fraction and unburned gas temperature.  

 

Several experimental and numerical studies were conducted to study ammonia and ammonia 

fuel blends under turbulent conditions [36-48]. The experimental study of Ichikawa et al. [41] 

have revealed that the ratio of the turbulent burning velocity and unstretched laminar burning 

velocity decreased with an increase in the ammonia content in ammonia-methane-air mixtures 

at 0.5 MPa. The experimental study of Ichimura et al. [42] have determined the extinction limits 
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of ammonia/air flames in turbulent fields based on parameters such as Karlovitz number and 

Markstein number. Xia et al. [47] have concluded that under oxygen-enriched air condition, 

the effects of diffusional–thermal instability and turbulence are important to turbulent flame 

propagation velocity in ammonia combustion fields and the ratio of turbulent to laminar 

burning velocity increased with turbulence Karlovitz number. Lhuillier et al. [46] have carried 

out experimental work on ammonia combustion behaviour in a spark ignition engine by means 

of expanding flames, covering a wide range of conditions such as equivalence ratio (0.8 to 1.4), 

hydrogen addition (0 to 60% by volume), initial temperature (298 to 473 K) and pressure (0.1, 

0.54 MPa). They have reported an unexpected bending effect for the turbulent-to-laminar 

velocity ratio at certain equivalence ratios with respect to increased hydrogen fraction in 

ammonia-hydrogen fuel blends. Okafor et al. [44,45] performed large eddy simulation (LES) 

studies of bluff body stabilised turbulent non-premixed ammonia-air swirling flames and 

analysed NOx emissions for a wide range of equivalence ratios.  

 

Based on the literature, there is a research gap in a detailed and fully resolved numerical 

investigation of ammonia and ammonia fuel blends under engine-relevant conditions. Direct 

numerical simulation (DNS) of turbulent combustion [49,50] has been very effective in the 

investigation of fundamental flame characteristics and turbulence-chemistry interaction of 

classical hydrocarbon fuels and emerging clean fuels such as ammonia. A large number of 

DNS studies have been performed to investigate fundamental combustion characteristics of 

alternative and clean fuels such as hydrogen [51-54], syngas [55-57] and Dimethyl Ether 

(DME) [58]. With respect to ammonia, the two-dimensional DNS of wrinkled laminar 

premixed flames under atmospheric condition was conducted by Netzer et al. [59], showing 

relationship between flame curvature and NO formation. They also found that NO formation 
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is affected by thermo-diffusive process with respect to hydrogen addition including two 

competing pathways of decomposition of amino radical.  

 

In the present study, fundamental flame characteristics of turbulent premixed ammonia and 

ammonia-hydrogen fuel blends under spark ignition engine-relevant conditions is studied by 

means of two-dimensional direct numerical simulation and detailed chemistry. We employed 

a centrally-ignited outwardly propagating turbulent premixed spherical flame configuration. 

We study fundamental combustion characteristics such as flame front propagation, burning 

velocities, heat release rate, flame curvature and NO formation of turbulent premixed pure 

ammonia flame and ammonia-hydrogen blended flames at three different equivalence ratios 

(lean, stoichiometric and rich conditions) under high turbulence intensity and elevated 

pressures. The remaining sections will discuss mathematical modelling and numerical 

computation, results and discussion, and summary of key conclusions.  

 

2. Mathematical Modelling and Numerical Computation 

To investigate the combustion characteristics of ammonia and ammonia-hydrogen fuel blends, 

the parallel DNS code, PARCOMB [55-57] [60] is used. The DNS code solved fully 

compressible unsteady governing equations for mass, momentum, total internal energy, mass 

fraction of species concentration as well as equation of state on a uniform two-dimensional 

Cartesian grid [55]. The diffusive process of the species transport equation is calculated using 

the mixture-averaged transport model supplemented with a model for Soret effect (thermal 

diffusion). The spatial derivatives are computed using the six order cell centred explicit scheme 

and the order is progressively reduced to four at boundaries. The time integration is carried out 

with a fourth-order Runge-Kutta scheme. A Courant–Friedrichs–Levy (CFL) condition for the 

convective terms and a Fourier condition pertaining to the diffusion terms are treated to ensure 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



8 
 

the stability of the explicit integration and determine a suitable time step. The boundary 

conditions are treated with Navier-Stokes characteristics boundary conditions (NSCBC) with 

modified pressure relaxation treatment [55-57] to maintain a constant pressure throughout the 

simulations. The initial homogeneous isotropic turbulent velocity field is implemented by using 

a combined approach of digital filtering and random noise diffusion [55-57]. 

 

A centrally-ignited outwardly propagating (expanding spherical) flame with high turbulence 

level and elevated pressure is applied for the present investigation. Nine different two-

dimensional DNS test cases of ammonia and ammonia-hydrogen fuel blends under spark-

ignited initial temperature of 445 and initial pressure of 0.54MPa are simulated. The 

simulations are carried out for three different equivalence ratios, 0.9, 1.0 and 1.1. The 

ammonia-hydrogen fuel blends are simulated for 10% and 15% hydrogen blends by volume, 

respectively. The test cases including fuel mixtures, equivalence ratio, initial turbulent 

properties and pressure are selected from a recently carried out experimental study of ammonia 

combustion behaviour in spark-ignited turbulent expanding flames [46]. The test cases and 

parameters are listed in Table 1.  
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Table 1: Turbulent properties and parameters for all simulations. 

Fuel ϕ u’(m/s) lt(mm) Reta Grid Cell width(μm) η(μm)b Dac Kad Leeff 

Pure NH3 0.9 1.0 3.4 583.4 25012 8 28.64 0.34 70.80 0.98 

Pure NH3 1.0 1.0 3.4 583.4 25012 8 28.64 0.52 46.27 1.00 

Pure NH3 1.1 1.0 3.4 583.4 25012 8 28.64 0.64 37.50 1.05 

90% NH3 10% H2 0.9 1.0 3.4 580.2 25012 8 28.76 0.57 42.03 0.96 

90% NH3 10% H2 1.0 1.0 3.4 580.1 25012 8 28.76 0.85 28.40 1.00 

90% NH3 10% H2 1.1 1.0 3.4 579.7 25012 8 28.78 1.05 22.93 1.04 

85% NH3 15% H2 0.9 1.0 3.4 578.7 25012 8 28.82 0.75 31.91 0.95 

85% NH3 15% H2 1.0 1.0 3.4 578.1 25012 8 28.84 1.10 21.89 1.00 

85% NH3 15% H2 1.1 1.0 3.4 577.7 25012 8 28.85 1.35 17.76 1.03 

u'-Root-mean-square (RMS) turbulent fluctuation velocity. 

lt-Integral length scale measured directly from the initial turbulence field. 

λ-Taylor length scale, λ = ltRet
-0.5 

SL-Laminar burning velocity. 

δL-Laminar flame thickness, δL = (Tb-Tu)/(max|T|). 

λ-Taylor length scale, λ = ltRet
-0.5. 

a-Turbulent Reynolds number, Ret = u’lt/ν. 

b-Kolmogorov length scale, η = ltRet
-0.75. 

c-Damköhler number, Da = (lt/δL)(SL/u'). 

d-Karlovitz number, Ka = (δL/λ)(u'/ SL). 
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The chemical mechanism with 21 species and 49 elementary reactions based on Rocha et al. 

[20] is implemented. The simulations are performed for a 2 cm square domain using uniform 

Cartesian grid with 2501 x 2501 grid points with grid resolution of 8 μm. The approximate 

time step is 4.5 ns. Both resolution and time step in the present DNS study are appropriate 

under 0.54MPa compared to reference [59], in which they have carried out DNS calculations 

with resolution of 20 μm and time step of 5 ns under 0.1MPa, combined with 19 species and 

60 elementary reactions. In the present DNS study, the resolution is 3~4 times smaller than the 

Kolmogorov scale of 28 μm. This suggests that we have fully resolved the flame thickness in 

our DNS test cases where simulated flames develop under high turbulence and elevated 

pressure. As shown in Fig. 1, the initial spherical laminar flame kernel (red area) is placed at 

the centre of the computational domain with radius of r0 = 0.2 cm and the fresh gas mixture 

(blue area) is filled in the rest of the computational domain. The initial profiles of temperature 

and mass fractions of species are described according to: 

ϕ=ϕ
0
+

Δϕ

2
[1-tanh (k (

r-r0

r0
))]         (1) 

where  is the variation between the initial values in the fresh and burnt gas mixture and the 

measurement of stiffness is number k, which is set to the value of  10 in this study.  
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All nine cases are in the thin reaction zones in the Peters-Borghi’s diagram, which can be seen 

in Fig. 2. 

Fig. 1 Initial temperature configuration: fresh gas (blue) and burnt gas (red). 

Fig. 2 Peters-Borghi’s diagram showing simulated test cases (blue dots: pure NH3, red dots: 

90% NH3-10% H2 by volume, yellow dots: 85% NH3-15% H2 by volume. 
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Several parameters are used to analyse the DNS data. The effective Lewis number [57] is 

defined as the combination of the fuel and oxidizer: 

Leeff= 
LeD+ALeE

1+A
,  A= {

1+β(ϕ
-1

-1)      ϕ<1

1+β(ϕ-1)         ϕ>1
       (2) 

where LeD and LeE are the Lewis number of deficient and excessive reactants, respectively. 

And the Lewis number of ammonia-hydrogen is: 

LeNH3/H2
=1+ 

qNH3
(LeNH3

-1)+qH2
(LeH2

-1)

qNH3
+qH2

,    q
i
= 

QYi

CpTu
      (3) 

where qi is the non-dimensional heat release associated with the consumption of species i, 

which refers to NH3 and H2. Q is the heat of reaction and Yi is the mass fraction [57]. 

The local heat release rate is calculated by the following equation:  

Q = ∑ hkω̇k
Ns

k=1            (4) 

Non-dimensional progress variable based on temperature is derived to indicate the local 

chemical state between fresh gas mixture and fully burnt gases: 

C = 
T-Tu

Tb-Tu
= {

0  fresh gas mixture

1   fully burnt gases
        (5) 

where Tu and Tb are the unburned and burned gas temperatures, respectively. 

The local curvature is calculated from the flame front coordinates is calculated by: 

κ = 
∂Ni

∂xi
|
c=c*

           (6) 

where κ is positive (negative) when the flame is convex (concave) in the direction of the 

unburned mixture. Ni is the ith component of the local flame normal vector, which uses the 

following formula: 

Ni = −
1

|∇c|

∂c

∂xi
           (7) 
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3. Results and Discussion 

In this section, we discuss fundamental turbulent premixed flame characteristics of ammonia 

and ammonia-hydrogen fuel blends under high turbulence and elevated pressure covering nine 

different test cases. All simulated test cases are listed in Table 1. We discuss flame propagation 

and burning characteristics of ammonia and ammonia-hydrogen fuel blends by analysing local 

flame curvature, heat release rate, NO distribution and burning velocities.  

 

Spherical flame propagation and heat release rate 

Fig.3. Mean flame radius as a function of time for ammonia and ammonia-hydrogen fuel blends 

at three different equivalence ratios. 

Fig. 4. Turbulent burning velocity  as a function of mean flame radius for all test cases.  

 

Fig. 3 illustrates the flame mean radius as a function of physical simulation time for ammonia 

and ammonia-hydrogen fuel blends at three different equivalence ratios. The peak heat release 

rate is located at C=0.5 which is considered as the flame front. The mean flame radius is 
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calculated based on the mean value of instantaneous flame front at C=0.5.  In the present 

analysis, the pre-heat region is considered for C ≤0.1. the reaction layer is selected within a 

range of 0.4 ≤ C ≤0.6, and the fully burned region is considered for C > 0.6. The peak heat 

release rate is located at C=0.5 which is considered as the flame front.  

 

It is seen that the initial laminar flame kernel influences the flame propagation at the beginning, 

where there is an apparent curve in the flame radius evolvement. The duration at the beginning 

stage affected by the initial kernel is within 0.5 ms for all cases. Beyond the kernel influenced 

period, the flame radius increases with respect to hydrogen addition into ammonia for 

ammonia-hydrogen cases under the same elapsed time for the same equivalence ratio. This 

observation demonstrates improved reactivity of the flame as a result of hydrogen addition into 

ammonia for ammonia-hydrogen fuel blends. Fig. 3 also shows that the flame radius grows 

more quickly for 15% hydrogen addition case compared to 10% hydrogen addition case. The 

lean condition displays the high flame radius for ammonia and ammonia-hydrogen blends, 

indicating possible higher turbulent burning velocity values compared to stoichiometric and 

rich conditions. Based on the mean flame radius, the turbulent burning velocity is calculated 

by ST = dR/dt, where R is the radius and t is physical time. Fig. 4 shows the turbulent burning 

velocity as a function of mean radius for all test cases. It can be seen that the turbulent burning 

velocity values reduced at the beginning and then they become stable and flattened when the 

mean flame radius reaches around 3.0mm.  This observation indicates that the simulated DNS 

spherical flames become fully developed when the mean flame radius reaches around 3.0mm. 

It is important to note that the changing trends of turbulent burning velocity values in our DNS 

results are consistent with the experimental study of [47]. The higher values of turbulent 

burning velocity are observed for ammonia-hydrogen fuel blends compared to pure ammonia 

which indicate that the combustion intensity of ammonia is explicitly enhanced by hydrogen. 
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For ammonia and ammonia-hydrogen flames, the fuel lean case exhibits the highest turbulent 

burning velocity value compared to stoichiometric and rich cases.  In the following sections, 

the DNS data were gathered when each flame reaches the mean flame radius of R=3.5mm. We 

also gathered DNS data for each flame when the mean flame radius reaches R=3.0mm.  The 

DNS data at two different mean flame radius values of R=3.5mm and R=3.0mm were analysed 

to ensure the validity of our calculation at different time instants.  

Fig. 5. Contour plots of flame temperature for all test cases at R = 3.5 mm.  
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Fig. 5 shows the flame front (black line around the red kernel) for all cases when the flame 

surface area is fixed corresponding to the mean flame radius of 3.5 mm. Fig. 5 shows roughly  

that the flame front undergoes less wrinkled structures when equivalence ratio changes from 

0.9 to 1.1 for the same fuel type. Generally, less wrinkled structures are observed for the rich  

condition than the lean condition. However, it has been observed that blending hydrogen with 

ammonia (10% and 15% by volume) does not make any significant changes to  

flame front wrinkling structures for a given equivalence ratio.  
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Fig. 6. Probability density functions of local curvature at pre-heat zone (C=0.1), reaction zone 

(C = 0.5), burned zone (C = 0.7) at mean flame radius, R = 3.5 mm. 

 

The flame front behaviour can be further clarified by analysing the probability density 

functions (pdfs) of local flame curvature. For this, we have analysed pdfs of local curvature at 

pre-heat zone (C=0.1), reaction zone (C=0.5) and fully burned zone (C=0.7) when each flame 

developed up to the mean flame radius of R=3.5mm, see Fig.6.  The peak value of probability 

is located very close to the local curvature of 0.0, at which the apex of probability undergoes 

the increment from lean to rich and preheat zone to burned region, respectively. 

 

For stoichiometric and rich conditions, the width of the distribution of the local curvature for 

ammonia and ammonia-hydrogen flames are practically the same. However, the simulated 

flames under fuel lean condition perform slightly differently, which show the lower peak values 

of pdfs and wider boundaries than that observed for the stoichiometric and rich flames. 

Generally, Fig. 6 shows the distribution intensity of the local curvature centred at value of 0.0 

for all simulated cases, indicating that much wider distribution range is corresponding to large 

number of flame convex (positive curvature) and concave (negative curvature) structures. The 

convex and concave structures promote the flame area growth and hence the turbulent burning 

velocity.  
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Fig. 7. Scatter plot of heat release rate versus local curvature at pre-heat zone (C=0.1) coloured 

by NO production at mean flame radius, R = 3.5 mm. 
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Fig. 8. Scatter plot of heat release rate versus local curvature at reaction zone (C=0.5) coloured 

by NO production at mean flame radius, R = 3.5 mm. 
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Fig. 9. Scatter plot of heat release rate versus local curvature at fully burned zone (C=0.7) 

coloured by NO production at mean flame radius, R = 3.5 mm. 
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Fig. 10. Scatter plot of heat release rate versus local curvature at reaction zone (C=0.5) coloured 

by NO production at mean flame radius, R = 3.0 mm. 
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Figs. 7-9 illustrate the relationship between the local curvature and heat release rate coloured 

by NO formation at pre-heat zone (C = 0.1), reaction zone (C = 0.5) and fully burned zone 

(C=0.7) and at mean flame radius, R=3.5 mm. All three figures illustrate that the higher heat 

release rate values occur in the concave regions while the lower values are in the convex regions. 

With hydrogen addition into ammonia, the whole area of heat release rate is increasing, 

indicating more hydrogen burning is taking place in the combustion of ammonia-hydrogen fuel 

blends. We also observed the shift from pre-heat zone to fully burned zone, causing the 

transition of heat release rate distribution from negative local curvature region (concave 

structures) to more steep scattering with more points around zero curvature. The NO formation 

mainly occurs in the higher heat release zone and NO values change when the fuel-oxidizer 

mixture varies from pre-heat zone to fully burned zone.  

 

To compare the results between two different time instants, we also plotted scatter plots of heat 

release rate versus local curvature at reaction zone (C=0.5) and at mean flame radius, R=3.0 

mm. As seen in Fig. 10, the scatter plots of heat release rate versus local curvature at reaction 

zone (C=0.5) and at mean flame radius, R=3.0 mm shows nearly the same shape and 

distribution region compared with Fig. 8. Even the maximum and minimum NO values are 

nearly the same at two mean flame radius values of R=3.0 mm and R=3.5 mm, which are 

tabulated in Table 2 and 3 and the same trends are also reported in [59].  The steady state NO 

values calculated at two mean flame radius values of R=3.0 mm and R=3.5 mm further 

confirms that the simulated flames were fully developed when each flame reaches the mean 

flame radius value of R=3.0 mm.  
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R = 3.0 mm C = 0.5  = 0.9  = 1.0  = 1.1 

100% NH3 
3139 

1663 

2090 

971 

1368 

757 

90% NH3 10% H2 
3389 

1840 

2211 

1228 

1578 

991 

85% NH3 15% H2 
3463 

2160 

2157 

1596 

1666 

1108 

 

Table 2: Maximum and minimum values of NO formation (ppm) at R = 3.0 mm. 

 

 

 

R = 3.5 mm C = 0.5  = 0.9  = 1.0  = 1.1 

100% NH3 
3129 

1582 

1902 

957 

1259 

730 

90% NH3 10% H2 
3324 

1674 

2422 

1194 

1447 

908 

85% NH3 15% H2 
3596 

2124 

3041 

1474 

1618 

1082 

 

Table 3: Maximum and minimum values of NO formation (ppm) at R = 3.5 mm. 
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 Fig.11. Scatter plots of normalised heat release versus normalised mass fraction of three 

radical species.  

We analyse the relationship between radical species associated with ammonia combustion and 

heat release rate aiming to identify a possible flame maker for ammonia combustion. There is 

a research gap in identifying potential flame markers for ammonia combustion due to lack of 

exact measurements of radical species for ammonia combustion.  Fig. 11 shows the normalised 

relationship between heat release rate and mass fraction of three radical species, NH, NH2 and 

OH for ammonia and ammonia-hydrogen fuel blends at the stoichiometric condition. As seen 
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in Fig.11, the radical species NH2 shows an excellent linear correlation with the heat release 

rate for the stoichiometric condition. Similar trends are observed for lean and rich conditions 

too. Furthermore, the radical species OH also shows a reasonable linear correlation with the 

heat release rate for the stoichiometric flame. Nevertheless, the DNS results suggest that NH2 

radical is more suitable to be considered as a heat release rate marker than OH radical for 

ammonia and ammonia-hydrogen fuel blends under spark-ignited premixed combustion mode.   

This should be further explored from the experimental investigation.     

 

Burning velocity calculation 

In this section, we study the burning velocities for all simulated test cases. The calculation is 

performed for all flames at mean flame radius, R=3.5mm. First, we study the laminar burning 

velocity and then discuss the turbulent burning velocity.  

 

 Fig. 12. Laminar burning velocity (left) and laminar flame thickness (right) as a function of 

equivance ratio for all test cases.  

We have calculated laminar burning velocity and laminar flame thickness for all test cases 

using Cantera under the same temperature and pressure conditions and using the same 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



26 
 

mechanism applied in DNS code, PARCOMB. Fig. 12 illustrates the laminar burning velocity 

for three fuel mixtures at lean, stoichiometric and rich conditions. The solid lines are the results 

based on Cantera while the dashed lines are the data from reference [46], in which the data 

derived from the experimentally tested spherical flame under laminar conditions. As seen in 

Fig. 12, simulated results show good agreement with the experimental data suggests that the 

chemistry mechanism we employed in our DNS study is sufficiently accurate to capture the 

burning characteristics of ammonia and ammonia-hydrogen blends at elevated pressures. As 

seen in Fig. 12, the laminar flame thickness is decreasing with respect to hydrogen addition for 

lean, stoichiometric and rich conditions, which shows the opposite trend compared to laminar 

burning velocity for all cases.  

 

Fig.13. Example of mean progress variable (c) showing flame front, C = 0.5 and C = 0.05 (left) 

and flame brush ratio (right) as a function of equivalence ratio. 
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Fig. 13 shows contour plots of mean progress variable for one of the test cases to demonstrate 

how we calculated the turbulent flame brush thickness for all cases. As clearly seen in Fig. 13 

(zoom view), two progress variables (c = 0.5 and 0.05) are chosen and then conducted two 

flame mean radius, of which difference is employed as the flame brush thickness. Fig. 13 also 

illustrates the ratio between the brush thickness and laminar flame thickness for all test cases. 

The pure ammonia flame exhibits high value for this ratio for all three equivalence ratios, 

showing the quick increase from lean to stoichiometric conditions and then slow change to rich 

condition. On the other hand, 10% hydrogen addition case exhibits much gentle variation for 

this ratio. This could be attributed to small distribution of convex and concave structures along 

the flame front. 

Fig.14. Turbulent burning velocity (left) and velocity ratio (right) as a function of equivalence 

ratio. 

Fig. 14 shows the turbulent burning velocity at mean flame radius, R=3.5 mm by using the 

mathematical expression, ST = dR/dt. The trend of turbulent burning velocity is decreasing with 

an increasing equivalence ratio for all test cases. The maximum value of ST locates at the lean 

condition with equivalence ratio = 0.9. This trend has been observed in the experimental 

investigation for pure ammonia and ammonia-hydrogen fuel blends under high turbulence and 
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elevated pressure conditions [46]. This phenomenon means that the enhancement from high 

turbulent intensity has greater influence on the fuel lean condition instead of stoichiometric and 

fuel-rich conditions. This could happen due to strong flame front wrinkling in lean flames 

which enhances the fuel burning process and increases the turbulent burning velocity. 

Furthermore, Fig. 14 also shows increase in turbulent burning velocity with respect to more 

hydrogen addition into ammonia fuel at the same equivalence ratio. This could be attributed to 

the increasing trend for the effective Lewis number, which is most likely due to the effect of 

diffusional- thermal instability [55]. In general, high turbulent intensity and lower effective 

Lewis number (Le < 1, higher diffusion-thermal instability) would enhance the growth of flame 

surface area and increase the turbulent burning velocity.  

Fig. 15. The ratio of turbulent burning velocity to laminar burning velocity as a function of 

turbulence intensity (left) and effective Lewis number (right).  

Fig. 15 illustrates the ratio of turbulent burning velocity to laminar burning velocity with 

different x-axis, named, turbulent intensity to laminar burning velocity and effective Lewis 

number. These result plots indicate that the maximum ratio occurs for 10% hydrogen addition 

case, not for 15% hydrogen addition case. This bending effect appears at all three equivalence 

ratios. This important trend with respect to ratio between turbulent to laminar burning velocity 
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has been identified by the experimental study in [46], but only for the lean condition with 

equivalence ratio 0.9. However, we have carried out additional test cases covering 

stoichiometric and rich conditions and we observed similar trends at lean, stoichiometric and 

rich conditions.  

 

NO formation in flame structures  

Even though there is no carbon emission in ammonia combustion, NOx formation cannot be 

ignored when combusting ammonia fuel with air. The issue is equally important for ammonia-

hydrogen blends as blending hydrogen with ammonia would affect NOx formation. Different 

equivalence ratios would also make a great significance on NOx formation. This section will 

study the formation and local distribution of NO emission for the simulated flames at mean 

flame radius, R=3.5mm. Priority is given to identify how NO emission is formed in the small 

flame structures, including concave and convex structures in the reaction zone, which influence 

the distribution of NO. 

 

Fig. 16. Example contour for zoom view of the flame front including convex and concave 

structures: Temperature (left) and Heat release rate (right).  
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Fig. 17. Example contour for zoom view of the flame front including convex and concave 

structures: Mass fraction of NO (left) and NO reaction rate (right). 

 

We will begin this section by analysing the relationship between the local heat release rate and 

local NO distribution.  Fig. 16 shows the zoom view of temperature and heat release rate 

contour, herein ammonia-hydrogen test case with 10% hydrogen addition at stoichiometric 

condition is selected as an example. The blue region is in the unburned side and the red is in 

the burned side. Five lines are drawn in all contours, including the bottom dashed line 

representing the pre-heat zone (C = 0.1), three solid lines from bottom to top, representing the 

reaction layer, (C = 0.4, C = 0.5, C = 0.6) and the top dashed line representing the fully burned 

zone (C = 0.7). The peak heat release rate region is located at the flame front, C = 0.5, see Fig. 

16 (right hand side). Two dots are selected on the flame front (C = 0.5) to show locations of 

the maximum and minimum heat release rate values respectively. The first dot is the maximum 

value of heat release rate along the flame front, which is located in the concave structure, and 

the second dot is the minimum value of heat release rate, which is located in the convex 

structure. The distribution of heat release rate is closely linked to the two distinct local flame 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



31 
 

structures. Further, two lines are drawn to extract specific parameters, which are normal to the 

flame front and going through the pre-heat zone to fully burning region. To illustrate the 

relationship between local heat release rate and local NO formation, we study the mass fraction 

and reaction rate of NO in the same region as Fig.16 for the same test case. Fig. 17 shows the 

local distribution of mass fraction and reaction rate of NO. Apparently, the area of NO reaction 

rate is basically the same as the heat release rate. The main part of NO formation is occurring 

at the concave structure, which is consistent with the scattered plots presented in Figs. 7-10.  

 

In order to understand the inter-dependency between NO formation and radical species along 

the flame front, we analyse the local equivalence ratio based on element of N and H with O. 

The local equivalence ratio based on the element of N, O and H, O are calculated by following 

equation: 

𝜙𝑙𝑜𝑐𝑎𝑙 =
𝑍𝑖/𝑍𝑂

(𝑍𝑖,𝑢/𝑍𝑂,𝑢)
𝑠𝑡

           (8) 

and  

𝑍𝑖 =  ∑ 𝜇𝑖𝑗𝑌𝑗
𝑆
𝑗=1           (9)  

where i means the considered element of N or H, S the total number of species, j the species 

and μij the mass proportion of i in j. Hence, the local equivalence ratio influences the local 

flame structure and the reaction of NO formation, resulting in the growth of the flame area.  
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Fig. 18. Contours for zoom view of the flame front including convex and concave structures 

and local equivalence ratio, φN/O for all flames.  
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Fig. 19. Contours for zoom view of the flame front including convex and concave structures 

and local equivalence ratio, φH/O for all flames.  
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Fig. 20. Local equivalence ratio φN/O at concave (dashed line) and convex (solid line) for three 

global equivalence ratios, 0.9 (black), 1.0 (blue), 1.1 (red). 

 

Fig. 21. Local equivalence ratio φH/O at concave (dashed line) and convex (solid line) for three 

global equivalence ratios, 0.9 (black), 1.0 (blue), 1.1 (red). 

Figs. 18 and 19 illustrate the distinct features of local equivalence ratio based on elements of 

N, O and H, O.  Both Fig. 18 and Fig.19 show regional disparities appeared in concave and 

convex structures.  It can be seen that the local equivalence ratio, φN/O, is not influenced by the 

global equivalence ratio and hydrogen addition, while showing apparent difference between 

concave (locally lean) and convex (locally rich) structures. This distribution is corresponding 

to the NO formation in the two distinct flame structures. Meanwhile, the local equivalence ratio, 

φN/O, is much sensitive to the global equivalence ratio rather than hydrogen addition. There is 

an obvious boundary on the both sides of the flame front. Fig. 20 and 21 illustrate the tendency 

of local equivalence ratio in the lines normal to the flame front for all nine simulated fuels. 
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Here, the positive values stand for the region ahead of the flame front, and negative values 

mean the downstream of flame while zero point is the dot which possess the maximum or 

minimum heat release rate. The two local equivalence ratios exhibit the decreasing and then 

increasing process from ahead (positive distance) to downstream (negative distance) of the 

flame front at the concave structure, accompanied with highest heat release rate.   

Fig. 22. ROP of maximum NO formation (left-hand side), and NO formation rate (right-hand 

side) for ammonia and ammonia-hydrogen flames at φ = 0.9. The NO formation rate is 

presented as production rate (dashed line), consumption rate (dot line), net reaction rate (solid 

line). 

Finally, we performed the rate of production (ROP) analysis of NO formation at equivalence 

ratio, 0.9 and illustrate the NO formation rate in terms of production rate, consumption rate and 

net reaction rate in Fig. 22. Based on the chemistry mechanism we employed in our DNS 

calculation, 13 elementary reactions are involved in the production and consumption of NO. 

The results demonstrate that the addition of hydrogen into ammonia increases the NO 

formation. Both the production and consumption rate are enhanced by addition of hydrogen 

and the net reaction rate too is promoted by hydrogen addition which increases the NO 

formation. In the part of ROP, reaction 7 and reaction 8 are the main production and 
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consumption of NO, respectively. Even though the pure ammonia flame displays higher 

coefficients of ROP for reaction 7 and reaction 8, the percentage of both R7 and R8 are 

declining with more hydrogen addition, while other elementary reactions, such as R5 is 

increasing, which means these reactions may be the major source of higher NO formation with 

respect to hydrogen addition, and they become more reactive with more radical H production 

decomposition due to more hydrogen in the blended fuel mixture. 

 

4. Conclusions 

Direct numerical simulations on the study of outwardly expanding turbulent premixed 

spherical flames for ammonia and ammonia-hydrogen fuel blends with 10% and 15% hydrogen 

addition by volume at different equivalence ratios (0.9, 1.0, 1.1) under high turbulent intensity 

and elevated pressures were conducted to investigate the combustion characteristics under 

spark ignited engine-relevant conditions (445 K and 0.54 MPa). A detailed ammonia chemistry 

mechanism consists of 21 chemical species and 49 elementary reactions was employed for the 

simulations. Detailed mixture-averaged transport models (non-unity Lewis number model) 

with Soret effects were utilised to compute the diffusive processes. 

The principal conclusions are as follows: 

1. The analysis carried out in this study based on turbulent burning velocity and steady state 

NO production has found that outwardly expanding turbulent premixed spherical flames 

simulated in our DNS are fully developed.  The contour plots of flame temperature, probability 

density distribution of the local curvature along the flame front reveal that the spherical flame 

front shows less wrinkled structures in fuel-rich flames compared to fuel-lean flames for pure 

ammonia and ammonia-hydrogen fuel blends. 

2. Heat release rate distributions and the local curvature along the flame front illustrate distinct 

features between pure ammonia and ammonia-hydrogen flames. More hydrogen addition into 
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ammonia shows a higher heat release rate value which enhances the combustion intensity. For 

pure ammonia as well as ammonia-hydrogen blends, high values of heat release rate occurred 

in the region of concave structures (negative local curvature) and low values located in the 

region of convex structures (positive local curvature). The shift phenomena, the scattered 

distribution of heat release rate and local curvature reaching to zero curvature line, from pre-

heat to fully burning region are observed, mainly occurring at the concave structures. This 

could be explained by the decreasing effective Lewis number, which quantified the thermal-

diffusional instability. 

3.With more hydrogen addition, the NO formation are significantly promoted, consistent with 

the higher values of heat release rate. The radical species of NH2 has been identified as a 

potential heat release rate marker for ammonia and ammonia-hydrogen premixed combustion. 

4. The hydrogen addition into ammonia increases the turbulent burning velocity. The highest 

turbulent burning velocity occurs at fuel-lean conditions for ammonia and ammonia-hydrogen 

fuel blends. This could be caused by the interaction of turbulence and thermal-diffusional 

instability with the presence of more wrinkled flame fronts. The ratio of turbulent burning 

velocity to laminar burning velocity indicates bending effects when changing fuel-air mixture 

from fuel-lean condition to fuel-rich condition. The ratio of turbulent flame brush thickness to 

laminar flame brush thickness shows distinct trends for all three flames with more gentle 

variation for ammonia-hydrogen fuel blend with10% hydrogen addition.  The analyses of flame 

front behaviour, the ratio of turbulent to laminar burning velocity and the ratio of turbulent 

flame brush thickness to laminar flame thickness indicate that the optimum hydrogen addition 

of 10% by volume into ammonia provides the best burning characteristics for the expanding 

spherical turbulent premixed flame at high turbulence and elevated pressure. 

5. NO formation at two distinct structures (concave and convex) are analysed by the 

combination of the elements (H, O and N), exhibiting higher NO emission at lower local 
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equivalence ratio. These two local equivalence ratios distinguish two different structures very 

well, lower region representing the concave structure related to higher NO formation and 

higher region on behalf of the convex structure related to lower NO formation. 

6. Generally, both production and consumption rates of NO are intensified by the hydrogen 

addition into ammonia which resulted in higher net reaction rate. In perspective of ROP for 

three different fuels, the major sources of production (R7) and consumption (R8) are becoming 

less important with hydrogen addition, while other elementary reaction (R5) for NO production 

are gaining in proportion due to the increased reactivity of element H from the decomposition 

of hydrogen addition. 
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