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Abstract 

The present work presents an LES study of a non-premixed NH3/H2/N2 jet flame at 

elevated pressure by using the transported pdf method, which is solved by Eulerian 

stochastic fields. The results suggest that the adopted method can accurately 

reproduce the flame in terms of its mean and RMS profiles, as well as its turbulent 

flame structures. The influence of preferential diffusion of hydrogen is also well 

reproduced via the ‘mixture-averaged’ method. 

 

Introduction 

Ammonia (NH3) has great potential for combustion decarbonisation, as it has a high 

hydrogen content and its transport and storage infrastructures are well developed. 

Although the reactivity of ammonia is low, this can be overcome by partially 

cracking it into NH3/H2/N2 (AHN), whereby the flame properties can be tailored to 

those similar to natural gas (NG) or methane [1]. The accurate simulation of AHN 

turbulent flames will significantly help the understanding of AHN combustion 

process, as well as NO𝑥  reduction. Thus, one of the remaining but important 

problems is to validate an accurate and robust combustion LES method for use under 

gas turbine conditions, e.g., at elevated pressures.  In light of these considerations, 

the present work aims to validate a multi-regime robust combustion LES method by 

comparison with measurements of a turbulent non-premixed AHN flame at elevated 

pressure, with focus on flame-turbulence interactions and differential diffusion.  

 

Mathematical Formulations 

The LES has been performed with the in-house, pressure-based, fully compressible 

LES code, BOFFIN-LESc [2]. The adopted LES model is a dynamic version of the 

Smagorinsky model [3]. For the species and enthalpy, a joint one-point transported 

probability density function (pdf) approach is adopted. This 𝑃̃𝑠𝑔𝑠 describes 𝑁𝑠 scalars 

representing the specific mole number 𝑛𝛼  of species 𝛼  and the enthalpy ℎ . An 

evolution equation for 𝑃̃𝑠𝑔𝑠 can be derived [4], in which the chemical source terms 

appear in closed form. The equation for 𝑃̃𝑠𝑔𝑠  is closed by applying gradient-type 

closure for turbulent transport and the linear mean square estimation (LMSE) for sgs 

mixing [5]. However, the transport equation for 𝑃̃𝑠𝑔𝑠 is not solved directly due to its 

high dimensionality. Instead, the stochastic fields method is employed as an 
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equivalent solution method [6], from which an ensemble of 𝑁 = 8 [7] stochastic field 

𝜉𝛼
𝑛(𝑥, 𝑡) for each scalar are sampled to represent 𝑃̃𝑠𝑔𝑠according to: 
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where 1 ≤ 𝑛 ≤ 𝑁 and 1 ≤ 𝛼 ≤ 𝑁𝑠 , represent the 𝑛th stochastic field of species 𝛼 or 

enthalpy ℎ ; 𝜉𝑛 = [𝜉1
𝑛, 𝜉2

𝑛, … , 𝜉𝑁𝑠
𝑛 ] ; 𝜌  is the density, 𝑡  is the time and 𝑢𝑖  and 𝑥𝑖  are, 

respectively, the velocity and spatial location in the 𝑖th direction. Sub-grid variations 

of transport properties are neglected. Model constants of 0.7 and 2.0 are assigned to 

the sub-grid Schmidt number, 𝜎𝑠𝑔𝑠 and mixing constant 𝐶𝑑, respectively [7]. The sgs 

mixing time scale is given by 𝜏𝑠𝑔𝑠 = 𝜌 ∆2 𝜇𝑠𝑔𝑠⁄ . The stochastic Wiener process 

𝑑𝑊𝑖
𝑛(𝑡)  is approximated by time-step increments 𝜂𝑖

𝑛(𝑑𝑡)1 2⁄  where 𝜂𝑖
𝑛  is a {−1,1}  

dichotomic random vector. 𝑆̇𝛼
𝑛 is a source term containing the net chemical rates or 

the material derivative of the pressure 𝑝 as appropriate. Differential diffusion is 

incorporated via the mixture-averaged diffusivity model, see Ref. [8].  

 

Burner, Operating Conditions and Numerical Implementations 

 
Figure 1. KAUST CAJF flames and HPCD facility. 

 

The target flame is the CAJF28 AHN non-premixed flame, Fig.1a, in the KAUST 

high-pressure (5 bar) combustion duct (HPCD), Fig.1b. A jet burner with an injector 

pipe diameter 𝐷=4.58mm is used; the fuel jet is surrounded by a 250mm-diameter 

annular coflow stream with velocity 0.24m/s. Both fuel and coflow streams are 

supplied at 294K. The target flame has an ammonia cracking ratio of 28%. Table 1 

shows the fuel species mole fractions 𝑋𝑖, fuel and co-flow bulk velocities and the 

fuel jet Reynolds number ℜ. Further details of the experimental facilities can be 

found in Ref. [9]. The computational domain, Fig.1c, includes part of the injector 

pipe ~25𝐷 and the downstream zone of the injector outlet; the domain is discretised 

with 3.9M block-structured hexahedral cells; the global Cartesian coordinate has its 

origin fixed at the centre of the injector outlet while the 𝑧- the 𝑥-axes are aligned with 

the axial and transverse direction respectively. 
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Table 1. Operating conditions of the KAUST CAJF28 flame. 

 

Results and Discussions 
The simulated time-averaged and RMS profiles of species’ mass fraction and temperature 

are compared with experimental measurements (EXP), Fig.2, at varying axial positions. It is 

clear that the LES accurately reproduces the time-averaged statistics of all scalars. At 𝑧 𝐷⁄ =1, 

𝑌NH3
, 𝑌H2

 and 𝑌O2
 mean profiles exhibit a plateau around the jet center line, 

representing the unaffected jet potential core. The corresponding RMS profiles 

exhibit a single maximum on each side,  indicating the position of the mixing layer. 

The mean profiles of 𝑌H2O and 𝑇 have a single maximum on each side of the center 

line associated with the mean reaction zone. The RMS profiles of 𝑌H2O and 𝑇 have 

higher inner maxima  suggests an interaction between the fuel jet and the reaction 

zone while the outer lower maxima indicate the interaction between the flame and 

the coflow stream. At 𝑧 𝐷⁄ =10 and 20, the profiles are broadened due to turbulent 

mixing. The inner RMS maxima of 𝑌H2O  and 𝑇 are reduced due to the enhanced 

turbulent mixing, while the outer RMS maxima are enhanced as the gradient between 

the flame and the co-flow persists.  Fig.3 presents the measured and predicted scalars 

structures (conditionally averaged) in mixture fraction space 𝑓 , all the scalar 

structures are well reproduced. Hydrogen shows increased slope around 𝑓𝑠𝑡, due to 

preferential diffusion. 
 

 
Figure 2. Time-averaged (black) and RMS (blue) profiles of species mass fraction 

𝑌𝑖 and temperature 𝑇 at varying axial (𝑧 𝐷⁄ ) positions. EXP: circles; LES: curves. 

𝑋NH3
 𝑋H2

 𝑋N2
 𝑈fuel [m/s] 𝑈coflow [m/s] ℜ 

0.542 0.345 0.113 11.56 0.24 11200 
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Figure 3. Conditionally averaged scalar structures in mixture fraction 𝑓 space. 

EXP: black circles; LES: blue curves; stoichiometric 𝑓𝑠𝑡: grey dashed. 
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