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ABSTRACT 

The present study investigates NH3/H2/air premixed turbulent jet flames using Direct Numerical Simulations (DNS) 

with detailed chemical mechanisms to describe NH3 kinetics. Different diffusion models (multicomponent diffusion, 

mixture-averaged diffusion, and unity Lewis number) have been compared in the simulations to check their impact on 

chemical and thermal properties, especially regarding NO production. It has been found that molecular diffusion is quite 

important for a proper description of NH3/H2/air turbulent flames. The unity Lewis number approach leads to a very large 

error for the NO production compared to detailed multicomponent diffusion. The mixture-averaged diffusion predicts the 

spatial distribution of NO quite well, but still shows a large error for the prediction of the absolute value of NO production. 

INTRODUCTION 
As the main source of energy for human and industrial activities worldwide, combustion has introduced climate threat 

by producing a lot of greenhouse gases (GHG). Carbon-free clean combustion has become more and more important. 

Among all strategies, H2 combustion is very promising, almost without any pollutant emissions. However, economic long-

term H2 transport and storage is difficult, due to the low boiling temperature of H2 at moderate pressure. By mixing H2 with 

ammonia (NH3), the transport and storage process becomes much more efficient and economic (Zamfirescu and Dincer, 

2009). 

Combustion of NH3/H2 blend fuels shows great potential. Plenty of studies have been published in recent years 

concerning NH3/H2/air combustion. (Kumar and Meyer, 2013) experimentally and numerically studied the chemical 

mechanisms for NH3/H2/air mixtures in laminar premixed jet flames. (Frigo et al., 2012) showed the possibility of using 

NH3/H2 as fuels in a spark-ignition engine, and (Westlye et al., 2013) investigated the emission characteristics of an engine 

burning NH3/H2 in detail. Later, (Li et at., 2014) studied the combustion characteristics and NOx formation using NH3/H2 

as fuels. Laminar burning velocity and Markstein length of NH3/H2/air premixed flames at elevated pressures have been 

studied in (Ichikawa et al., 2015). (Xiao et al., 2017) investigated computationally NH3/H2 fuel blends under gas turbine 

conditions. Laminar flame characteristics of premixed NH3/H2/N2/air mixtures at elevated temperatures and pressures have 

been investigated in (Goldmann and Dinkelacker, 2018). More recently, NH3/H2 combustion in a swirl burner has been 

investigated, leading to a reduction of NOx emissions (Hussein et al., 2019). An experimental and modeling study has been 

presented for NH3/H2 laminar flames at elevated pressure and temperature (Shrestha et al., 2020). Finally, NH3 blend fuels 

have been reviewed in (Valera-Medina et al., 2018; Kobayashi et al., 2019). All these studies prove that NH3/H2 is regarded 

as a promising alternative fuel to reduce strongly GHG emissions.  

Nevertheless, harmful NOx emissions should be considered carefully as well. NO formation by ammonia/air 

combustion was investigated in (Sabia et al., 2020) as function of inlet temperature and equivalence ratio in a jet stirred-

flow reactor. The strong dependency of NO production on equivalence ratio was later investigated in (Somarathne et al., 

2017; Okafor et al., 2019); the authors suggested a two-stage rich-lean concept for controlling NO production in 

ammonia/air combustion. On the other hand, molecular diffusion was found to be important for turbulent flames, affecting 

strongly the local equivalence ratio (Hilbert et al., 2004; Bruno et al., 2015). Thus, the NO production estimated by 

numerical simulations can be strongly affected by the diffusion models. In the present study, DNS has been applied with 

different diffusion models and using a detailed NH3/H2 mechanism to investigate the effect of molecular diffusion on NO 

emissions for premixed NH3/H2/air flames. 
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NUMERICAL SETUP 
All the DNS simulations have been performed using the in-house low-Mach combustion solver DINO (Abdelsamie et 

al., 2016). It solves the Navier-Stokes system coupled with detailed physicochemical models. The chemical reactions are 

solved by the open-source software Cantera (Goodwin et al., 2015). The spatial derivatives are computed using a sixth-

order centered explicit scheme. An implicit Williamson third-order Runge-Kutta time integrator with analytic Jacobian 

inversion (PyJAC (Niemeyer et al., 2017)) is employed for temporal integration. The numerical algorithms in DINO have 

been extensively validated and used in numerous combustion studies (Chi et al., 2017; Chi et al., 2018; Chi et al., 2019; 

Chi et al., 2021); they are therefore not discussed further here in the interest of space.  

The conservation equation for the ith species mass fraction Yi is given by  
𝜕(𝜌𝑌𝑖)

𝜕𝑡
+ ∇ ∙ (𝜌𝑌𝑖(𝒖 + 𝑽𝒊)) = 𝜔𝑖                (1) 

where 𝒖 is the convective velocity vector, 𝑽𝒊 is the species diffusion velocity and 𝜔𝑖 is the chemical source term. To 

solve the species diffusion velocity, 3 different approaches have been compared in the present study: 

1. Unity Lewis number (UL); 

2. Mixture-averaged diffusion velocities (MA); 

3. Multicomponent diffusion velocities (MC). 

For unity Lewis number approach, the diffusion coefficient of species i, Di, is identical for all species such that Di = D. 

The diffusion velocity is 

𝑽𝒊 =  −𝐷
∇𝑋𝑖

𝑋𝑖
                 (2) 

with 𝑋𝑖 the mole fraction of species i. For Mixture-Averaged diffusion (MA), the diffusion coefficient Di is computed as 

𝐷𝑖 =
1 − 𝑌𝑖

∑ 𝑋𝑗𝑗≠𝑖 /𝒟𝑗𝑖
            (3) 

where 𝒟𝑗𝑖  are the binary diffusion coefficients. The diffusion velocity is then computed as  

𝑽𝒊 =  −𝐷𝑖

∇𝑋𝑖

𝑋𝑖
+ ∑ 𝐷𝑖∇𝑋𝑖

𝑊𝑖

𝑊

𝑁𝑠

𝑖=1

           (4) 

with 𝑊𝑖 the atomic weight of species i. Finally, for multicomponent diffusion (MC), the diffusion coefficients 𝐷𝑖𝑗 are 

computed by inverting the full species linear transport system (Ern and Giovangigli, 1995). The species diffusion velocities 

read 

𝑽𝒊 = −
1

𝑋𝑖𝑊
∑ 𝑊𝑗𝐷𝑖𝑗∇𝑋𝑗

𝑁𝑠

𝑗=1

           (5) 

The diffusion coefficients in a real diffusion process are non-linear functions of the local composition, temperature and 

pressure. The MC model is the most accurate expression of the diffusion velocity used in practice, and it corresponds to 

the first-order approximation of the exact diffusion terms (Hilbert et al., 2004). For comparison, the MA model 

(Hirschfelder et al, 1954) corresponds to a mere zeroth-order approximation of reality, and the UL model is an even simpler 

assumption without real physical background. In previous DNS studies (Hilbert et al., 2004; Bruno et al., 2015), the MC 

model has also been used as a benchmark to validate the accuracy of the diffusion terms. Main problem is that the 

computations of the diffusion velocities are numerically quite expensive with the MC model.  

The numerical configuration has been set up as shown in Fig. 1. The 2D DNS domain has a size of 24 mm x 48 mm, 

which is discretized by 1024 x 2048 grid points, leading to a resolution of 23.4 𝜇m. This resolution ensures at least 12 grid 

points across the laminar flame thickness under the present investigated conditions. The initial profile is a central 

rectangular premixed NH3/H2/air jet of height h = 9.6 mm, surrounded by two symmetrical rectangular jets formed by the 

corresponding combustion products of the central jet mixtures. The fuel blend is composed of 60% NH3 and 40% H2 (by 

volume), which is the same as in the numerical and experimental studies in (Valera-Medina et al., 2017; Xiao et al., 2017). 

The detailed reaction mechanism of NH3/H2/air from (Jiang et al., 2020) has been used in the simulations. The boundary 

conditions are periodic in streamwise (x) direction and outflow in transverse (y) direction. Figure 1 shows the initial 

temperature distribution and the initial H2O and NH3 mass fractions distribution. The unburned gases have initial 

temperature of 900 K. The simulations are performed under atmospheric condition. The transition of the initial profile from 

the unburned gases to the burned gases is described by hyperbolic tangent functions. The initial velocity profile has a peak 

velocity of 50 m/s in the central jet with width 0.5h, and with hyperbolic tangent profiles from the central jet to the two 

sides. A homogeneous isotropic turbulence is superimposed on the initial flow field. The rms velocity of the initial 

turbulence is u’ = 2.78 m/s. The Kolmogorov length scale is 0.164 mm, which is much larger than the grid resolution. The 

bulk Reynolds number based on the jet height h, jet velocity U, density and viscosity is Re𝑏 = 𝜌𝑈ℎ/𝜇 = 355. The turbulent 

Reynolds number based on turbulence intensity u’ is Re𝑡 = 𝜌𝑢′ℎ/𝜇 = 19.7. Finally, six cases have been simulated with 
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different diffusion models (MC, MA and UL), considering both lean (ϕ = 0.75) and rich (ϕ = 1.25) conditions. Since H2 is 

considered, the Soret (thermodiffusion) effect is included for all the simulations, since it is known to be highly relevant 

(Ern and Giovangigli, 1998). Detailed implementation of the Soret effect can be found in (Abdelsamie et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Computational domain with initial temperature distribution (left) and initial H2O, NH3 mass 

fraction along y direction (right)   

Figure 2 Instantaneous velocity vector distribution for simulations with multicomponent diffusion 
(MC), mixture-averaged diffusion (MA), and unity Lewis number diffusion (UL) at initially lean (ϕ=0.75) 
mixture condition. All results are shown at t* = 1. The maximum velocity magnitude is limited to 65 m/s 

for a clearer comparison. 
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RESULTS AND DISCUSSION 

Figure 3 Instantaneous NO mass fraction distribution for simulations with multicomponent diffusion 

(MC), mixture-averaged diffusion (MA), and unity Lewis number diffusion (UL) at initially lean (𝝓 =
𝟎. 𝟕𝟓) or rich (𝝓 = 𝟏. 𝟐𝟓) mixture conditions. All results are shown at t* = 1.   

The simulation results at the nondimentional time t* = t/tL = 1 are analyzed and compared in the following discussions. 

Here, tL is the large eddy turn-over time defined as tL = h/u’. Figure 2 shows the velocity field for simulations with 

multicomponent diffusion (MC), mixture-averaged diffusion (MA), and unity Lewis number diffusion (UL) for initial lean 

mixture condition at t* = 1. As it is seen, the flow fields are very similar for the MC and MA models, while the UL model 

predicts a slightly different velocity field. Changes in diffusion velocity modify the local composition, and therefore also 

indirectly temperature and viscosity. This demonstrates that molecular diffusion is also important to get the proper flow 

field distribution in turbulent flames, particularly at low Reynolds numbers. Figure 3 shows the spatial distribution of NO 

mass fraction for simulations with multicomponent diffusion (MC), mixture-averaged diffusion (MA), and unity Lewis 

number diffusion (UL) for initially lean or rich mixture conditions at t* = 1. For MC and MA models, higher NO 

concentrations are found at the convex parts (towards the unburned gases) of the flame front for ϕ = 0.75, while higher NO 

concentrations are at the concave parts for ϕ = 1.25. This is quite different for the UL model, where high NO locatopns are 

at the convex part for both ϕ = 0.75 and ϕ = 1.25. Figure 4 shows the local equivalence ratio for the simulations with MC, 

MA and UL models at initially lean or rich conditions. The local equivalence ratio is computed as 

𝜙 =  
1

2

2𝑋𝐻2
+ 2𝑋𝐻2𝑂 + 𝑋𝐻 + 𝑋𝑂𝐻 + 𝑋𝐻𝑂2

+ 2𝑋𝐻2𝑂2
+ 3𝑋𝑁𝐻3

+ 2𝑋𝑁𝐻2
+ 𝑋𝑁𝐻 + 𝑋𝐻𝑁𝑂

2𝑋𝑂2
+ 𝑋𝐻2𝑂 + 𝑋𝑂 + 𝑋𝑂𝐻 + 2𝑋𝐻𝑂2

+ 2𝑋𝐻2𝑂2
+ 𝑋𝑁𝑂 + 2𝑋𝑁𝑂2

+ 𝑋𝐻𝑁𝑂

                 (6) 
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As is seen, for MC and MA models, the local equivalence ratios are higher at the convex part of the flame front. However, 

for UL model, the local equivalence ratio at the convex part of the flame front are higher for ϕ = 0.75 and lower for ϕ = 

1.25. For globally lean conditions, higher local ϕ promotes NO production, while at globally rich condition, high local ϕ 

suppresses NO production. This statement confirms the NO distribution in Fig. 3. The spatial difference of the local 

equivalence ratio is due to the preferential diffusion of different species and radicals. Apparently, the MA model approaches 

the MC model relatively well concerning the local equivalence ratio distribution at both lean and rich conditions. On the 

other hand, the UL model leads to large errors regarding the local equivalence ratio, even more so under rich conditions. 

Figure 4 Local equivalence ratio for simulations with multicomponent diffusion (MC), mixture 
averaged diffusion (MA), and unity Lewis number diffusion (UL) at initially lean (𝝓 = 𝟎. 𝟕𝟓) or rich (𝝓 =

𝟏. 𝟐𝟓) mixture conditions. All results are shown at t* = 1. 

 

Averaged quantities (temperature, local equivalence ratio and NO mass fraction) along the y axis are compared in Fig. 

5. The overall temperature profiles are quite similar for MC, MA and UL models at rich condition. However, at lean 

condition, the UL model predicts much higher tempeture at the flame front. Compared to MC model, the MA model also 

slightly overpredicts the temperature at the flame front, by almost 7%. Though the lean and rich cases show a similar flow 

pattern (as is seen from Figs. 3 and 4), the details of the flow and in particular the aerodynamic strain rate lead to 

modifications of the local mixture distribution for the lean and rich cases (see local equivalence ratios in Fig. 4), resulting 

in different temperature distributions, as shown in Fig 5(a) and Fig 5(b). As is observed in Figs. 5(c) and (e), at lean 

condition, the UL model predicts much higher local equivalence ratio and NO mass fraction. The MA model predicts 

slightly higher local equivalence ratio and NO mass fraction compared to the MC model. At rich condition, the MA model 

approaches the MC results for local equivalence ratio and NO mass fraction relatively well, as is seen in Figs. 5(d) and (f). 
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The UL model still shows strong difference from the MC results. Compared to MC model, the relative errors for the peak 

temperature, NO mass fraction and overall NO production using UL model and MA model are summarized in Table 1. The 

estimated error for overall NO production using the UL model is almost 7 times larger than for the MA model at lean 

condition. The errors for overall NO production are low for both UL and MA models at rich condition. 

 

Figure 5 Comparison of averaged quantities (temperature, local equivalence ratio, and NO mass 
fraction, from top to bottom) along y axis for different diffusion models under lean (a, c, e) or rich (b, 

d, f) conditions. All results are shown at t* = 1. 

Relative error (compared to MC) MA  ϕ = 0.75 MA  ϕ = 1.25 UL  ϕ = 0.75 UL  ϕ = 1.25 

Peak temperature 7.0 % 1.6 % 23.5 % 8.5 % 

Peak NO mass fraction 82.9 % 31.9 % 358.8 % 114.1 % 

Overall NO production 43.0 % 5.7 % 300.6 % 4.4 % 

Table 1 Relative errors of the MA and UL models for predicting peak temperature, peak NO mass 

fraction and overall NO production. All results are computed at t* = 1. 
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Figure 6 Joint probability density function (PDF) of the NO mass fraction vs. temperature for the 

different diffusion models under lean or rich initial conditions. All results are shown at t* = 1. 

The joint probability density function (PDF) of NO mass fraction vs. temperature for the different diffusion models 

are plotted in Fig. 6. The black straight line at high temperature indicates the thermal NO production by Zeldovich 

mechanism in the post-flame zone. The remaining part corresponds to fuel NO production in the reaction zone. As is seen, 

the fuel NO pathway accounts for the higher NO mass fraction within the flame front. At ϕ = 0.75, the fuel NO pathway 

also leads to higher temperatures than the adiabatic temperature. The joint PDF distribution of the MA model is quite 

similar to the MC model, although with somewhat larger NO mass fractions and temperatures. On the other hand, the joint 
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PDF distribution of the UL model is very different. The thermal NO production is also enhanced a lot with the UL model 

at ϕ = 0.75. These differences are smaller under rich condition (ϕ = 1.25). 

CONCLUSIONS 
DNS has been performed for premixed NH3/H2/air turbulent jet flames to investigate the impact of different diffusion 

models on NO production. A detailed ammonia reaction mechanism has been considered to describe correctly the NO 

pathway. It is finally found that molecular diffusion is quite important for an accurate description of turbulent NH3/H2/air 

flames, additionally to turbulent convection and chemical kinetics. Main observations are: 

• Under rich conditions, compared to the MC model (reference), both the MA and UL models predict the peak 

temperature and overall NO production quite well, with a relative error less than 10%. However, the spatial distribution 

of NO is quite different using UL model, with higher NO mass fractions at the convex side of the flame front. 

• Under lean conditions, both the MA and UL models show large relative errors concerning NO production. Especially, 

the relative error using UL model is very large, more than 300 % for overall NO production. The spatial distribution 

of NO estimated by the MA model matches well with the MC model. 

• The impact of different diffusion models is stronger for globally lean conditions. 

• The thermal NO production is also affected a lot using the UL model under lean conditions. 

To summarize, this study demonstrates that the UL model should not be used in DNS, LES and RANS simulations of 

NH3/H2/air turbulent flames. The MA model should be used carefully, especially at globally lean conditions. If the 

simulation is affordable with enough computing resources, the MC model should be used for an accurate NO production 

and thermal prediction. This is as important as the choice of a detailed reaction mechanism and turbulence model. 
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