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Abstract 

 

Pollutant predictions in turbulent diffusion flames depend on how mixing, chemistry 

and their coupling are modelled. Using the Brookes–Moss experiments as reference, this 

study assesses how the Reynolds-averaged Navier–Stokes (RANS) turbulence closure, the 

chemical-kinetic scheme and the turbulence intensity of the air co-flow affect the computed 

structure, nitric oxide (NO) and soot of an enclosed methane jet flame at a Reynolds number 

of 5000. Steady axisymmetric simulations used the eddy-dissipation model, thermal and 

prompt NO post-processing and the Moss–Brookes soot model. The measured mixture 

fraction and the fast-chemistry limit were combined to bound the predicted fuel mass fraction. 

Of the closures tested (k–ε, k–ω and a Reynolds-stress model, RSM), the RSM lowered the 

mean absolute percentage error of the centreline temperature from 30.1% to 15.9%. Replacing 

the one-step scheme by a 16-step augmented reduced mechanism lowered the fuel-decay error 

from 56.6% to 9.5%, a larger gain than that obtained by changing the closure. Raising the co-

flow turbulence intensity from 20% to 80% reduced the peak NO from 183 to 168 ppm 

(−8.4%) and the peak soot volume fraction by 43%. Centreline soot levels agreed with the 

measurements within 7%, although the radial soot extent was under-predicted. 
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Introduction 

 

Natural gas, of which methane is the principal constituent, remains a major fuel for 

power generation, industrial furnaces and process heaters, and it is increasingly blended with 

hydrogen and biomethane in transitional low-carbon energy systems. Methane carries less 

carbon per hydrogen atom than any other hydrocarbon, yet its turbulent diffusion flames still 

release nitric oxide (NO) and soot; both are increasingly tightly regulated owing to their 

impact on air quality, health and the climate (Michelsen et al. 2020; Wang and Yang 2024). In 

confined burners, soot also controls flame radiation and therefore wall heat fluxes and the 

thermal efficiency of the equipment (Brookes and Moss 1999a; Valencia et al. 2021). For this 

reason, computational fluid dynamics (CFD) is now central to the development of low-

emission burners, as long as turbulence, chemistry, pollutant formation and their interplay are 

modelled credibly (Eaton et al. 1999; Veynante and Vervisch 2002). 

How well a Reynolds-averaged Navier–Stokes (RANS) computation of a diffusion 

flame performs depends primarily on its turbulence closure: fuel–air mixing fixes where the 

reaction zone sits, how long the flame is and how long the hot gases stay hot (Peters 2000; 

Poinsot and Veynante 2005). Industry still relies mostly on two-equation eddy-viscosity 

closures such as k–ε (Jones and Launder 1972; Launder and Spalding 1974) and k–ω (Wilcox 

1988), although the standard k–ε variant spreads round jets too quickly, a defect known as the 

round-jet/plane-jet anomaly (Pope 1978). Reynolds stress models (RSM) (Launder et al. 

1975; Gibson and Launder 1978) relax the isotropic eddy-viscosity assumption at a higher 

computational cost. For the piloted Sandia flame D, He et al. (2021) recently found that the 

RSM provided the closest agreement with measurements among five RANS closures, while 

da Silva et al. (2007, 2018) showed for a confined natural-gas flame that simple combustion 

models can rival more elaborate ones when the flow field is well predicted. Nanduri et 

al. (2010) reached a similar conclusion regarding emission predictions in a bluff-body 

combustor. Large-eddy simulation (LES) offers higher fidelity (Pitsch and Steiner 2000; 

Mueller and Pitsch 2012), but RANS remains the practical choice for parametric design 

studies. 
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The second ingredient is the chemical-kinetic description and its coupling with 

turbulence. In commercial RANS codes, turbulence–chemistry interaction (TCI) is often 

handled by the eddy-break-up (Spalding 1971) or eddy-dissipation (EDM) (Magnussen and 

Hjertager 1977) approaches, both of which let the turbulent mixing rate set the reaction rate. 

These models are inexpensive and robust, but they were formulated for one- or two-step 

global schemes (Westbrook and Dryer 1981; Jones and Lindstedt 1988) and cannot by 

themselves represent kinetically controlled processes; more elaborate closures such as the 

eddy-dissipation concept, flamelet or transported-PDF approaches are needed for those 

(Veynante and Vervisch 2002; Pope 2013; Bösenhofer et al. 2018). Comprehensive schemes 

like GRI-Mech 3.0 (53 species, 325 reversible steps) (Smith et al. 1999) are still costly in 

multi-dimensional turbulent computations, which is why systematic reduction methods have 

been developed (Lu and Law 2009). Reduced and augmented reduced mechanisms (ARM) 

derived from the GRI-Mech family retain the main pathways, including NO chemistry, with 

12–17 lumped steps (Sung et al. 1998, 2001; TNF Workshop n.d.). The benefits of reduced 

chemistry were first demonstrated for laminar flames (Smooke et al. 1989; Schmidt et al. 

1996; Yamashita et al. 1999; Yamashita 2000) and later in turbulent and practical 

configurations (Jazbec et al. 2000; Karalus et al. 2013; Guessab et al. 2014). Recent 

assessments (Zettervall et al. 2021; Wang et al. 2024) have shown that flame-structure and 

NOx predictions are highly sensitive to the mechanism, and that the amount of chemical detail 

needed is dictated by the quantity of interest and by the computing budget. Data-driven 

chemistry acceleration is an emerging alternative (Ihme et al. 2022). 

The third ingredient is the representation of the pollutants themselves. Thermal NO is 

formed via the extended Zeldovich mechanism (Zeldovich 1946) and is strongly temperature 

dependent, whereas prompt NO is produced through hydrocarbon-radical attack on molecular 

nitrogen in the flame front (Fenimore 1971; De Soete 1975); comprehensive reviews of 

nitrogen chemistry are available (Miller and Bowman 1989; Glarborg et al. 2018). Soot 

evolves through inception, surface growth, coagulation and oxidation (Michelsen et al. 2020; 

Martin et al. 2022), and capturing its interaction with turbulence and radiation is still among 

the hardest tasks in combustion simulation (Raman and Fox 2016; Valencia et al. 2021). 

Semi-empirical two-equation soot models (Leung et al. 1991; Moss et al. 1995; Brookes and 

Moss 1999b) provide a pragmatic compromise and remain widely used in recent RANS 

studies of methane flames (Busupally and De 2016; Reddy et al. 2016; Garnayak et al. 2022; 

Rowhani et al. 2023; Uchoa Filho et al. 2025). Advanced approaches based on conditional 
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moment closure (Kronenburg et al. 2000; Woolley et al. 2009) or LES (Mueller and Pitsch 

2012) improve accuracy at much higher cost. 

The enclosed, atmospheric methane jet flame studied by Brookes and Moss (1999a) is 

a convenient benchmark: it offers mean profiles of temperature, mixture fraction and soot 

volume fraction, and it served to tune the popular Moss–Brookes soot model (Brookes and 

Moss 1999b). This and comparable enclosed flames have been used in pollutant studies; for 

example, Lopez-Parra and Turan (2007) perturbed the inflow and tracked the response of soot 

and NOx, and Saqr et al. (2010) found that a more turbulent free stream lowers both 

pollutants. However, the relative importance of the turbulence closure, of the fidelity of the 

chemical scheme and of the inlet turbulence level has rarely been quantified within a single, 

consistent numerical framework with explicit discretisation-error estimates and objective error 

metrics. In addition, the experimental database provides the mean mixture fraction rather than 

species concentrations, which complicates the validation of predicted fuel mass fractions and 

has not always been accounted for in earlier comparisons. 

The present work addresses these gaps for the Brookes and Moss flame. Its specific 

contributions are: (i) a quantitative comparison of the standard k–ε, standard k–ω and RSM 

closures using centreline and radial error metrics; (ii) an assessment of one-step, two-step and 

16-step reduced chemistry, in which the measured mixture fraction is used to construct 

physically consistent upper and lower bounds on the mean fuel mass fraction; (iii) a grid-

convergence analysis based on the grid convergence index (GCI) (Roache 1994; Celik et al. 

2008); and (iv) a parametric quantification of the effect of the air-stream turbulence intensity 

(20–80%) on the NO and soot fields. The reference experiment and the numerical approach 

are described in the Methods section, the results are discussed in the Results and discussion 

section, and the main findings are summarised in the Conclusions. 

 

Methods 

 

Reference experiment 

Brookes and Moss (1999a) studied a piloted methane jet fired vertically upwards 

inside a Pyrex cylinder of 155 mm bore. The fuel (10.3 g min⁻¹) left a 4.07 mm nozzle at 20.3 

m s⁻¹ (exit Re = 5000) into a flow-straightened air stream of 708 g min⁻¹, both streams 

entering at 290 K and 1 atm. The flame was stabilised by a small fuel-rich premixed 

methane/oxygen pilot whose fuel flow was below 2% of the main fuel flow. Mean 

temperatures were obtained with fine-wire type-R thermocouples corrected for radiation 
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losses (corrections of up to about 50 K), the mean mixture fraction 𝜉‾ from probe samples 

oxidised over a catalyst and analysed by mass spectrometry (minimum measurable value ≈ 

0.02, uncertainty ≈ 6%), and the soot volume fraction ௩݂ by tomographic laser extinction at 

632.8 nm, for which the authors estimated an overall uncertainty of the order of 50% 

(Brookes and Moss 1999a). Centreline and radial profiles are available up to 425 mm above 

the burner exit, and soot profiles were reported from 300 mm downstream. Table 1 lists the 

conditions used in the computations. 

Gas sampling yields the mixture fraction, the share of local mass that came from the 

fuel stream, rather than the concentration of unreacted methane. Since the methane mass 

fraction can never exceed the mixture fraction, 𝜉‾ is an upper bound for ܻ̃CH4. A lower bound 

follows from the fast-chemistry (Burke–Schumann) limit, in which methane and oxygen 

cannot coexist: 

 ܻ̃CH4,min = max (క‾−కೞ೟1−కೞ೟ ,  0) ,  𝜉௦௧ = (1 + ௦ ௒F,1௒O2,2)−1 (1) 

where ݏ = 4 is the oxygen mass required per unit mass of methane at stoichiometry, Fܻ,1 = 1 and Oܻ2,2 = 0.232, giving 𝜉௦௧ = 0.055. A physically consistent prediction of the 

mean methane mass fraction should therefore lie between the two bounds of Eq. (1), and this 

interval is used in the comparisons presented in the Results and discussion section. Strictly, 

Eq. (1) assumes equal diffusivities and applies to instantaneous values; it is used here as an 

engineering bound for the mean values, which is adequate because the centreline mixture 

fraction remains well above 𝜉௦௧ throughout the measured region. 

 

Table 1. Experimental and simulated operating and boundary conditions for the Brookes–

Moss flame (Brookes and Moss 1999a). 

Parameter Fuel stream Air stream 

Composition (mass 

fractions) 

CH₄ = 1.0 O₂ = 0.232, N₂ = 
0.768 

Mass flow rate/(kg s⁻¹) 1.72 × 10⁻⁴ (10.3 g min⁻¹) 1.18 × 10⁻² (708 g 
min⁻¹) 

Inlet or hydraulic 

diameter/mm 

4.07 (exp.); 4.0 (model) 155 

Bulk velocity/(m s⁻¹) 20.3 ≈ 0.53 

Reynolds number 5000 – 
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Parameter Fuel stream Air stream 

Inlet temperature/K 290 (exp.); 300 (model) 290 (exp.); 300 

(model) 

Turbulence intensity/% 20 20 (baseline); 40, 

80 

Operating pressure 101.325 kPa 101.325 kPa 

Global equivalence ratio ≈ 0.25 ≈ 0.25 

Outlet Pressure outlet, 0 Pa gauge; backflow I = 

10%, Dh = 159 mm 

 

Walls Adiabatic, no-slip, standard wall functions  

 

 

Numerical methodology 

 

Domain and boundary set-up 

Because the burner and the confinement are axisymmetric and swirl-free, the flow was 

modelled as a steady, two-dimensional axisymmetric problem (Fig. 1). The domain spans 1.0 

m axially from the nozzle and 77.5 mm radially; a 4 mm fuel inlet sits on the axis and the air 

inlet occupies the remaining annulus up to the wall. The pilot was not modelled, its mass flow 

being negligible compared with the main flows. Both streams enter through mass-flow inlets 

(Table 1); inflow turbulence is set by an intensity I and a hydraulic diameter ܦℎ (4 mm for the 

fuel and 155 mm for the air). In the baseline case ܫ = 20% was imposed on both streams. A 

pressure outlet (0 Pa gauge, backflow intensity 10%, ܦℎ = 159 mm) was used at the exit, and 

the confining walls were treated as adiabatic, no-slip surfaces with standard wall functions. 

Radiation was not included in the energy equation; the consequences of this choice are 

discussed under Limitations and uncertainty. 
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Fig. 1. Axisymmetric solution domain with its boundary types (mm). 

 

The domain was discretised with a structured quadrilateral mesh generated in ANSYS 

ICEM CFD (Fig. 2). Cells were concentrated near the axis and the nozzle lip, where the 

jet/co-flow shear layer develops, and grown gradually in both directions; the lowest 

orthogonal quality was 0.999. 

 

Fig. 2. Structured computational mesh with a detail of the refinement near the fuel nozzle. 

 

 

Governing equations 

The steady, density-weighted (Favre) balance equations solved here are: 

 
∂∂௫ೕ (௝ݑ̃ ‾ߩ) = 0 (2) 

 
∂∂௫ೕ (௝ݑ௜̃ݑ̃ ‾ߩ) = − ∂௣‾∂௫೔ + ∂∂௫ೕ ( ‾߬௜௝ − ̃″ఫݑ″పݑ ‾ߩ ) (3) 

 
∂∂௫ೕ (௝ℎ̃ݑ̃ ‾ߩ) = ∂∂௫ೕ [( ఒ௖೛ + ఓ೟௉௥೟) ∂ℎ̃∂௫ೕ] + ‾ܵℎ (4) 
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∂∂௫ೕ (௝ܻ̃௞ݑ̃ ‾ߩ) = ∂∂௫ೕ ௞ܦ‾ߩ)] + ఓ೟ௌ௖೟) ∂௒̃ೖ∂௫ೕ] + ‾߱௞ (5) 

where ℎ̃ is the mixture enthalpy, ܻ̃௞ the mass fraction and ‾߱ ௞ the mean chemical 

source of species k, ߤ௧ the turbulent viscosity, and ܲݎ௧ = 0.85 and ܵܿ௧ = 0.7 the turbulent 

Prandtl and Schmidt numbers. Density follows from the ideal-gas equation of state for the 

mixture, and species heat capacities from piecewise polynomials. 

 

Turbulence closures 

In the eddy-viscosity models the turbulent stresses are linked to the mean strain via 

Boussinesq’s assumption: 

̃″ఫݑ″పݑ ‾ߩ−  = ௧ߤ (∂௨̃೔∂௫ೕ + ∂௨̃ೕ∂௫೔) − 23 ݇ ‾ߩ) + ௧ߤ ∂௨̃೗∂௫೗)  ௜௝ (6)ߜ

The standard k–ε model (Jones and Launder 1972; Launder and Spalding 1974) 

evaluates ߤ௧ = ఓܥ) with the standard constants ߝ/ఓ݇2ܥ ‾ߩ = 1ఌܥ ,0.09 = 2ఌܥ ,1.44 = ௞ߪ ,1.92 = ఌߪ ,1.0 = 1.3). The standard k–ω model (Wilcox 1988) evaluates ߤ௧ =  and ߱/݇∗ߙ ‾ߩ

was used with the shear-flow (spreading-rate) correction and the production limiter activated. 

The RSM (Launder et al. 1975; Gibson and Launder 1978) instead carries a separate transport 

equation for each Reynolds-stress component ܴ௜௝ = ̃″ఫݑ″పݑ , 

 
∂∂௫ೖ (௞ܴ௜௝ݑ̃ ‾ߩ) = ௜ܲ௝ + ௜௝ܦ + ௜௝ߔ −  ௜௝ (7)ߝ ‾ߩ

where ௜ܲ௝, ܦ௜௝, ߔ௜௝ and ߝ௜௝ denote production, diffusion, pressure–strain and 

dissipation. The linear pressure–strain model (1ܥ = 2ܥ ,1.8 = ′1ܥ ,0.6 = 0.5) with wall-

reflection effects was used, together with a transport equation for ε; in the present 

axisymmetric configuration this amounts to four Reynolds-stress equations plus the 

dissipation equation, compared with two equations for the eddy-viscosity models. 

 

Turbulence–chemistry interaction 

Mean reaction rates come from the Magnussen–Hjertager eddy-dissipation model 

(EDM) (Magnussen and Hjertager 1977), where each reaction r proceeds no faster than 

turbulence can mix either its reactants or the hot products, 

 ‾ܴ௞,௥ = ௪,௞ܯ௞,௥′ߥ ‾ߩ ܣ    ఌ௞  min [minℛ ( ௒̃ℛఔ′ℛ,ೝெೢ,ℛ) ,  ܤ  ∑ ௒̃࣪࣪∑ ఔೕ ″ೕ,ೝெೢ,ೕ] (8) 

with ܣ = 4.0 and ܤ = 0.5 (ANSYS Inc. 2019). Here ߥ′ and ߥ″ denote the reactant- 

and product-side stoichiometric coefficients, ܯ௪ the molecular weights, and ℛ and ࣪ denote 

reactants and products. The chemistry solver was set to relax the composition towards 
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chemical equilibrium with an aggressiveness factor of 0.5 (ANSYS Inc. 2019). Because the 

EDM is mixing-controlled, it is consistent with fast-chemistry assumptions; its use with 

multistep schemes is discussed under Influence of the chemical-kinetic scheme. 

 

Chemical-kinetic schemes 

Table 2 lists the three schemes in order of complexity: a single global step; the 

Westbrook–Dryer two-step scheme (Westbrook and Dryer 1981), which oxidises methane to 

CO and then CO to CO₂; and ARM2, a 16-step augmented reduced mechanism derived from 

GRI-Mech 2.11 (Bowman et al. n.d.) that retains NO chemistry and belongs to the ARM 

family of Sung et al. (1998, 2001). ARM2 is distributed by the TNF workshop (TNF 

Workshop n.d.) and was imported into the solver in CHEMKIN format (Kee et al. 1989). 

 

Table 2. Chemical-kinetic schemes compared in this study. 

Scheme Global 

steps 

Description NO 

chemistry 

One-step 1 CH₄ + 2O₂ → CO₂ + 2H₂O No 

Two-step (Westbrook and 

Dryer 1981) 

2 CH₄ + 1.5O₂ → CO + 2H₂O; CO + 
0.5O₂ ⇌ CO₂ 

No 

ARM2 (Sung et al. 1998, 

2001; TNF Workshop n.d.) 

16 Augmented reduced mechanism 

derived from GRI-Mech 2.11 (Bowman 

et al. n.d.) 

Yes 

 

 

NO formation model 

NO was obtained afterwards, on the converged flow solution, from a balance equation 

for the NO mass fraction, 

 
∂∂௫ೕ (௝ܻ̃NOݑ̃ ‾ߩ) = ∂∂௫ೕ ௧ܦ ‾ߩ) ∂௒̃NO∂௫ೕ ) + ‾ܵNO (9) 

in which the source term contains the thermal and prompt contributions; fuel NO is 

absent for methane and the N₂O-intermediate route is significant mainly in lean, high-

pressure, low-temperature combustion (Miller and Bowman 1989; Glarborg et al. 2018). For 

thermal NO, the extended Zeldovich scheme (Zeldovich 1946) was used: 

 O + N2 ⇌ N+ NO (10) 

 N + O2 ⇌ O + NO (11) 

 N + OH ⇌ H+ NO (12) 
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Assuming the N atom to be in quasi-steady state yields the net thermal formation rate 

 
d[NO]d௧ = 2݇௙,1[O][N2]   1− ೖೝ,1ೖೝ,2[NO]2ೖ೑,1[N2] ೖ೑,2[O2]1+ ೖೝ,1[NO]ೖ೑,2[O2]+ೖ೑,3[OH] (13) 

where ݇௙,௜ and ݇௥,௜ denote the forward and backward rate constants of reactions (10)–

(12), while the O and OH levels were taken from a partial-equilibrium assumption (ANSYS 

Inc. 2019). Owing to the high activation energy of the first reaction, the thermal route 

becomes significant only above about 1800 K. Prompt NO, initiated mainly by CH + N2 ⇌HCN + N (Fenimore 1971), was represented by the global rate of De Soete (1975) with the 

fuel-dependent correction factor implemented in the solver (ANSYS Inc. 2019). Turbulence–

chemistry interaction for NO was accounted for by integrating the instantaneous source over 

an assumed β-function probability density function of temperature, ‾ܵNO =∫ ܵNO10 (ܶ) ܲ(ܶ) dܶ, with the temperature variance obtained from its own transport equation. 

 

Soot model 

Soot was modelled with the semi-empirical two-equation approach of Moss et al. 

(1995) and Brookes and Moss (1999b), which carries balance equations for the soot mass 

fraction ௦ܻ௢௢௧ and the normalised radical-nuclei concentration ܾ௡௨௖∗ = ܰ/ ௡ܰ௢௥௠ ( ௡ܰ௢௥௠ =1015 particles): 

 
∂∂௫ೕ ௝ݑ̃ ‾ߩ) ௦ܻ௢௢௧) = ∂∂௫ೕ ( ఓ೟ఙೞ೚೚೟ ∂௒ೞ೚೚೟∂௫ೕ ) + dெd௧  (14) 

 
∂∂௫ೕ ∗௝ܾ௡௨௖ݑ̃ ‾ߩ) ) = ∂∂௫ೕ ( ఓ೟ఙ೙ೠ೎ ∂௕೙ೠ೎∗∂௫ೕ ) + 1ே೙೚ೝ೘ dேd௧  (15) 

The particle-number source accounts for nucleation and coagulation, and the mass 

source for nucleation, surface growth and oxidation: 

 
dேd௧ = ఈܥ ஺ܰ (௑೛ೝ೐೎ ௣ோ் )௟ ݁−்ഀ /் − ఉܥ ( 24ோ்ఘೞ೚೚೟ேಲ)1/2 ݀௣1/2ܰ2 (16) 

 
dெd௧ = ߱̇௡௨௖ + ߱̇௦௚ − ߱̇௢௫ (17) 

 ߱̇௡௨௖ = ఈܥ௉ܯ (௑೛ೝ೐೎ ௣ோ் )௟ ݁−்ഀ /் (18) 

 ߱̇௦௚ = ఊܥ (௑ೞ೒ೞ ௣ோ் )௠ ݁− ം்/் 1/3(ܰߨ)] ( 6ெఘೞ೚೚೟)2/3]௡ (19) 

 ߱̇௢௫ = ఠܥ௢௫௜ௗܥ ௖௢௟௟ߟ  (௑OH ௣ோ் 1/3(ܰߨ) ܶ√( ( 6ெఘೞ೚೚೟)2/3 (20) 

where M denotes soot mass per unit volume, ܯ௉ the mass of a newly formed particle, ܺ௣௥௘௖ and ܺ௦௚௦ give the mole fractions of the precursor and growth species (both taken as 
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methane), and the oxidation term ߱̇௢௫ describes oxidation by OH following Fenimore and 

Jones (1967). The model constants recommended for methane by Brookes and Moss (1999b) 

were used, and soot–turbulence interaction was accounted for through an assumed-PDF of 

temperature. 

 

Solver settings and grid study 

ANSYS Fluent 2019 R1 (academic licence) (ANSYS Inc. 2019) was used with its 

coupled pressure-based algorithm; convection was discretised with second-order upwinding, 

gradients with the least-squares cell-based method and pressure with second-order 

interpolation. A pseudo-transient under-relaxation strategy was used to aid convergence 

(Table 3). Convergence was accepted once every scaled residual had fallen by three or more 

decades and flattened, and the centreline monitors of temperature and NO had stopped 

changing. 

 

Table 3. Numerical settings. 

Item Setting 

Solver Pressure-based, steady, coupled pressure–velocity scheme; 2D 

axisymmetric 

Spatial discretisation 2nd-order upwind (momentum, turbulence, energy, species, NO, 

temperature variance); 2nd-order pressure; least-squares gradients 

Pseudo-transient 

relaxation factors 

p 0.5, velocity 0.5, ρ 0.25, k/ε/ω 0.75, species 0.75 

Pseudo-transient time 

step 

Automatic, aggressive length-scale method, time-scale factor 5 

Turbulence–chemistry 

interaction 

Eddy-dissipation model (A = 4, B = 0.5); relaxation to chemical 

equilibrium 

NO model Thermal (partial-equilibrium O/OH) and prompt (De Soete); β-PDF 

in temperature 

Soot model Moss–Brookes, methane constants; PDF in temperature 

Near-wall treatment Standard wall functions 

 

Grid independence was examined with four meshes of 17,056, 32,117, 92,232 and 

104,267 cells, using a monitored mean temperature as the target quantity (Fig. 3). 

Discretisation error was estimated by the three-mesh grid-convergence-index method of Celik 
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et al. (2008), using the representative cell size ℎ =  .for the two-dimensional grids 1/2(ܰ/ܣ)

With ℎ1 < ℎ2 < ℎ3 and 21ݎ = ℎ2/ℎ1, the observed order p follows by fixed-point iteration of 

݌  = 1ln௥21 |ln |ఌ32ఌ21| + ln (௥21 ೛−௦௥32 ೛−௦)| ݏ  , = sign (ఌ32ఌ21) (21) 

where 21ߝ = ߶2 − ߶1 and 32ߝ = ߶3 − ߶2. The fine-grid convergence index is then 

௙௜௡௘21ܫܥܩ  = 1.25 ௘2ೌ1௥21 ೛−1 ,  ݁௔21 = |థ1−థ2థ1 | (22) 

The results are listed in Table 4. The observed order, p = 2.57, agrees with the 

formally second-order schemes, and the GCI on the finest grid is 0.49%. The temperature 

predicted on the 92,232-cell grid differs by only 0.35% from that on the 104,267-cell grid, 

which in turn lies within 0.05% of the Richardson-extrapolated value. All further runs 

therefore used the 92,232-cell mesh. 

 

Fig. 3. Mesh study: monitored mean temperature versus cell count, with the Richardson-

extrapolated limit. 

 

 

Table 4. Grid convergence analysis following Celik et al. (2008) (φ = monitored mean 

temperature). 

Quantity Value 

Number of cells N₁, N₂, N₃ 92,232; 32,117; 17,056 

r₂₁, r₃₂ 1.695; 1.372 

φ₁, φ₂, φ₃/K 1147; 1160; 1182 

Apparent order p 2.57 

Extrapolated value φext²¹/K 1142.5 

Approximate relative error ea²¹/% 1.13 
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Quantity Value 

Extrapolated relative error eext²¹/% 0.39 

Fine-grid convergence index GCIfine²¹/% 0.49 

 

 

Error metrics 

For an objective comparison, three error measures (MAE, RMSE and MAPE: the 

absolute, quadratic and percentage mean deviations) were computed between predictions ߶௣,௜ 
and measurements ߶௘,௜ at the n measurement points: 

 MAE = 1௡∑ |߶௣,௜ − ߶௘,௜|௡௜=1 ,  RMSE = √1௡∑ (߶௣,௜ − ߶௘,௜)2௡௜=1  (23) 

 MAPE = 100௡ ∑ |థ೛,೔−థ೐,೔థ೐,೔ |௡௜=1  (24) 

Predictions were linearly interpolated to the measurement locations. For the methane 

mass fraction the MAPE is evaluated against 𝜉‾, and the number of points lying inside the 

bounds of Eq. (1) is reported as an additional, physically based measure of consistency. 

 

Results and discussion 

 

 

Influence of the turbulence closure 

Figure 4 compares the mean temperature fields predicted with the three turbulence 

closures using the one-step scheme. The closures produce visibly different flame shapes. The 

hot region is shortest and broadest with k–ε, as expected from its excessive round-jet 

spreading (Pope 1978); the RSM gives the longest, thinnest flame, hot almost to the outlet, 

and k–ω falls in between. 
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Fig. 4. Mean temperature (K) predicted with the one-step scheme and (a) standard k–ε, (b) 

standard k–ω and (c) RSM closures. 

 

Fig. 5 quantifies these trends along the axis, and Table 5 gives the associated errors. 

All three closures over-predict the centreline temperature downstream of x ≈ 0.05 m. At x = 

0.422 m the predicted values are 2216 K (k–ε), 2103 K (k–ω) and 1900 K (RSM), against a 

measured 1684 K, and the centreline MAPE decreases from 30.1% (k–ε) to 20.1% (k–ω) and 

15.9% (RSM). The systematic over-prediction results from three modelling assumptions 

shared by all cases: (i) the walls are adiabatic and radiative losses, which are substantial in 

this sooting flame (Brookes and Moss 1999b; Reddy et al. 2016; Garnayak et al. 2022), are 

neglected; (ii) the one-step EDM converts the reactants directly into fully oxidised products, 

so that dissociation and the endothermic formation of CO and H₂ in the rich core are not 

represented; and (iii) the reactants enter at 300 K rather than 290 K, which accounts for only a 

small part of the difference. The same trends were reported for confined natural-gas flames by 

da Silva et al. (2007). 
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Fig. 5. Centreline profiles predicted with the one-step scheme and different turbulence 

closures: (a) mean temperature and (b) mean methane mass fraction. In (b), squares show the 

measured mean mixture fraction 𝜉‾ (upper bound) and the bars extend to the fast-chemistry 

lower bound of Eq. (1). Experimental data from Brookes and Moss (1999a). 

 

Along the axis (Fig. 5b), fuel disappears fastest with k–ε, whose curve falls below the 

lower bound of Eq. (1) at all stations (MAPE 56.6%), evidence of excessive jet mixing. The 

k–ω and RSM closures predict a slower decay that is in much closer agreement with the data 

(MAPE 37.9% and 38.6%, respectively), with two of the eight points inside the admissible 

interval in each case. The remaining discrepancy, a systematic under-prediction of the fuel 

concentration for x < 0.3 m, is attributable mainly to the one-step chemistry and is reduced 

substantially with multistep chemistry (see Influence of the chemical-kinetic scheme). 

 

Fig. 6. Mean temperature versus radius at x = 0.2 m for the three closures (one-step 

chemistry). 
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Fig. 6 shows how temperature varies with radius at x = 0.2 m. The measured profile 

peaks off the axis, at 1703 K for r ≈ 17.8 mm, which locates the time-averaged reaction zone. 

All closures reproduce the off-axis peak, but locate it too far from the axis (r = 21.0–24.3 mm) 

and over-predict its magnitude (2048–2072 K). The width of the hot region is the most 

discriminating feature: the radius at which the temperature falls below 600 K is 43.7 mm for 

k–ε, 45.3 mm for k–ω and 37.3 mm for the RSM, compared with 29.2 mm in the experiment. 

The RSM thus captures the steep outer temperature gradient best, which is reflected in its 

lowest radial MAE (536 K) and MAPE (74.6%), although the k–ω closure gives a slightly 

lower RMSE (607 K versus 647 K) owing to its better centreline value. 

 

Table 5. Error metrics of the turbulence closures (one-step scheme). Columns 2–4: centreline 

temperature; columns 5–6: centreline YCH₄ compared with the measured mixture fraction, with 

the number of points satisfying the bounds of Eq. (1); columns 7–9 (Tr): radial temperature at 

x = 0.2 m. 

Closure T 

MAE/

K 

T 

RMSE/

K 

T 

MAPE/

% 

Y 

MAPE/

% 

Y in 

bound

s 

Tr 

MAE/

K 

Tr 

RMSE/

K 

Tr 

MAPE/

% 

Standar

d k–ε 

407 427 30.1 56.6 0/8 713 808 117.9 

Standar

d k–ω 

274 293 20.1 37.9 2/8 558 607 88.1 

RSM 213 224 15.9 38.6 2/8 536 647 74.6 

 

Overall, the RSM gave the best temperature predictions and the k–ε model the poorest, 

in agreement with recent assessments for Sandia flame D (He et al. 2021), whereas the k–ω 

and RSM closures performed comparably for the fuel decay. Because the k–ω closure 

achieved fuel-decay and radial-temperature accuracies comparable to those of the RSM while 

requiring only two turbulence transport equations instead of five, it was retained for the 

flame-structure and parametric analyses that follow, which involve a larger number of 

simulations. 

 

Influence of the chemical-kinetic scheme 

So that only the chemistry changes, all three schemes were run with the baseline k–ε 

closure; the one-step curve in Fig. 7 is thus the same as the k–ε curve in Fig. 5b. The 
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centreline methane decay depends strongly on the chemical description. The one-step scheme 

under-predicts the fuel concentration everywhere and lies outside the admissible interval at all 

stations (MAPE 56.6%). The two-step scheme of Westbrook and Dryer reduces the error to 

28.8% and places three points within the bounds, and the 16-step ARM2 scheme reduces it 

further to 9.5%, with four points within the bounds and a mean distance from the admissible 

interval of only 0.022 (Table 6). The improvement obtained by refining the chemistry with the 

most diffusive closure therefore exceeds that obtained by changing the turbulence closure 

with one-step chemistry (Table 5), which underlines that in this flame the chemical 

description is at least as important as the turbulence model for the prediction of the fuel field. 

 

Fig. 7. Effect of the chemical-kinetic scheme on the centreline methane mass fraction 

(standard k–ε closure). Squares: measured 𝜉‾; bars: fast-chemistry lower bound of Eq. (1). 

 

 

Table 6. Effect of the chemical-kinetic scheme on the centreline methane mass fraction 

(standard k–ε closure). 

Scheme MAPE vs 

ξ/% 

Points within 

bounds 

Mean distance 

outside bounds 

YCH₄ at x = 0.2 m 

(bounds: 0.182–0.227) 

One-step 56.6 0/8 0.101 0.106 

Two-step 28.8 3/8 0.059 0.170 

16-step 

ARM2 

9.5 4/8 0.022 0.228 

 

Fig. 8 compares the 16-step radial profiles with the data at x = 0.2, 0.3 and 0.425 m. 

The predicted profiles follow the measured shape closely: the MAPE with respect to 𝜉‾ is 
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14.0%, 6.5% and 34.8% at the three stations, and 6 of 11, 5 of 11 and 7 of 7 measurement 

points, respectively, lie within the admissible interval. The larger percentage error at x = 

0.425 m arises from the small absolute values near the edge of the jet (r > 15 mm), where the 

prediction lies below 𝜉‾ but above the fast-chemistry bound, as expected physically in the 

vicinity of the reaction zone. 

 

Fig. 8. Methane mass fraction versus radius at x = 0.2, 0.3 and 0.425 m, computed with 

ARM2 (16 steps). Symbols: measured 𝜉‾; bars: fast-chemistry lower bound. 

 

These improvements should be interpreted in the light of the TCI model. In the EDM 

framework every reaction step proceeds at the turbulent mixing rate limited by its scarcest 

reactant (Eq. (8)). In a reduced scheme, many lumped steps require radicals (H, O, OH) that 

are present only in small amounts, which throttles fuel consumption inside the rich core. This 

mimics, at least qualitatively, the finite-rate effects that delay fuel consumption in real flames, 

but it does not constitute a rigorous representation of kinetically controlled chemistry. The 

better agreement obtained with the multistep schemes is therefore encouraging but partly 

model dependent, and finite-rate TCI closures such as the eddy-dissipation concept or 

flamelet models (Veynante and Vervisch 2002; Bösenhofer et al. 2018) should be used to 

confirm it, particularly for minor species. 

 

Flame structure 

Figs. 9 and 10 present the time-averaged flame structure obtained with k–ω. Fuel 

occupies a narrow axial core that is used up within roughly half the chamber length (Fig. 9a), 

while hot gas reaches all the way to the exit (Fig. 9b), with a peak mean temperature of 2211 

K. Such a structure is characteristic of a momentum-driven jet in a slow co-flow (≈ 0.53 m 
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s⁻¹): air is entrained gradually and the stoichiometric contour meets the axis far beyond the 

potential core. 

 

Fig. 9. Mean fields predicted with the standard k–ω closure: (a) methane mass fraction and (b) 

temperature (K). 

 

Fig. 10 shows that the reaction zone is ring-shaped in cross-section. Off-axis maxima 

occur at x = 0.2 and 0.3 m, located at r ≈ 20.6–20.7 mm (2045 and 2121 K), while the 

centreline temperature rises from 1584 to 1857 K; at x = 0.425 m the maximum (2194 K) 

moves inward to r ≈ 16.3 mm and the centreline reaches 2103 K as the fuel core is consumed. 

The NO profiles closely follow the temperature: the NO maxima of 115.7, 146.1 and 166.4 

ppm occur at r ≈ 20.4, 21.7 and 17.9 mm, i.e. practically at the locations of the temperature 

maxima. That NO peaks where temperature peaks, and keeps building up downstream, shows 

that the thermal pathway dominates here; its rate is set jointly by temperature and by how 

long the gas stays hot (Zeldovich 1946; Glarborg et al. 2018). 



 20 

 

Fig. 10. Radial profiles at x = 0.2, 0.3 and 0.425 m (standard k–ω closure): (a) mean 

temperature and (b) NO mole fraction. 

 

NO response to co-flow turbulence 

The influence of the air-stream turbulence intensity ܫ௔௜௥ was examined for ܫ௔௜௥ = 20% 

(baseline), 40% and 80%, all other conditions being unchanged. The centreline NO 

distributions are shown in Fig. 11 and the NO fields for the two extreme cases in Fig. 12; the 

key quantities are summarised in Table 7. Upstream of x ≈ 0.4 m the three curves practically 

coincide, because the near field is dominated by the shear generated by the fuel jet itself. 

Further downstream, the higher co-flow turbulence lowers the NO level and shifts its 

maximum upstream: the peak centreline NO decreases from 183.0 ppm at x = 0.60 m (ܫ௔௜௥ = 

20%) to 179.3 ppm at x = 0.58 m (40%) and 167.6 ppm at x = 0.55 m (80%), an 8.4% 

reduction. The effect is stronger downstream of the peak, where the outlet NO decreases from 

72.9 to 58.0 ppm (−20.4%) and the axially averaged centreline NO from 99.0 to 87.3 ppm 

(−11.9%). 

 

Fig. 11. Centreline NO mole fraction for air-stream turbulence intensities of 20%, 40% and 

80%. 



 21 

 

 

Fig. 12. NO mole fraction (ppm) for air-stream turbulence intensities of 20% (upper half) and 

80% (lower half). 

 

The reduction is consistent with the thermal character of NO formation identified in 

the analysis of the flame structure. Stronger co-flow turbulence raises the eddy diffusivity at 

the jet edge and speeds up the entrainment of cold air into the burnt gas. Burnout therefore 

occurs nearer the nozzle, as the upstream move of the NO maximum shows, and the products 

are diluted and cooled faster, so they spend less time in the hot zone where Zeldovich 

chemistry operates. Since the thermal NO rate grows exponentially with temperature and the 

amount formed scales with time, modest reductions in either produce a noticeable fall in NO. 

Similar reductions of NOx with increasing free-stream turbulence were reported by Saqr et 

al. (2010). 

 

Table 7. Effect of the air-stream turbulence intensity on centreline NO and soot (standard k–ω 

closure). 

Quantity Iair = 

20% 

Iair = 

40% 

Iair = 

80% 

Change, 20% → 
80% 

Peak NO/ppm 183.0 179.3 167.6 −8.4% 

Location of NO peak/m 0.60 0.58 0.55 −0.05 m 

Outlet NO/ppm 72.9 69.1 58.0 −20.4% 

Axially averaged NO/ppm 99.0 96.3 87.3 −11.9% 

Peak soot volume fraction 

(×10⁻⁷) 
3.73 – 2.13 −42.9% 

Location of soot peak/m 0.37 – 0.33 −0.04 m 

Sooting region, fv > 10⁻⁸/m 0.19–0.46 – 0.19–0.41 −18% 

Integrated centreline fv (×10⁻⁸ m) 4.88 – 2.44 −50.0% 

 



 22 

 

Soot formation 

Fig. 13 sets the computed radial soot profiles against the data. The magnitude of the 

soot volume fraction on the axis is captured well: the predicted values are 7.0 × 10⁻⁸ at x = 0.3 

m and 1.64 × 10⁻⁷ at x = 0.425 m, compared with measured values of 6.6 × 10⁻⁸ and 1.63 × 

10⁻⁷, i.e. within 7%, which is far smaller than the experimental uncertainty. The predicted 

increase of soot with height between the two stations is also reproduced. The soot zone is, 

however, too narrow: its computed half-width at half maximum is 14.2 mm (x = 0.3 m) and 

12.7 mm (x = 0.425 m), against measured values of 24.8 and 33.2 mm. The narrower 

predicted soot zone may be attributed to the neglect of radiation and thermophoresis, to the 

absence of soot transport effects specific to particles (differential diffusion) (Woolley et al. 

2009), to the use of methane as the soot precursor rather than acetylene or aromatic species 

(Busupally and De 2016; Reddy et al. 2016), and to the treatment of OH oxidation at the 

flame edge, to which soot predictions are known to be very sensitive (Reddy et al. 2016). 

Similar under-predictions of the soot spread were reported with semi-empirical models in 

RANS simulations of methane flames (Brookes and Moss 1999b; Kronenburg et al. 2000). 

 

Fig. 13. Soot volume fraction versus radius at x = 0.3 and 0.425 m. Experimental data from 

Brookes and Moss (1999a). 

 

Soot responds strongly to the co-flow turbulence level (Figs. 14 and 15). Increasing ܫ௔௜௥ from 20% to 80% decreases the peak centreline soot volume fraction from 3.73 × 10⁻⁷ to 

2.13 × 10⁻⁷ (−43%), moves the peak upstream from x = 0.37 to 0.33 m and shortens the 

sooting region (where ௩݂ > 10⁻⁸) from 0.19–0.46 m to 0.19–0.41 m. Integrated along the axis, 

a proxy for the total soot loading, the soot volume fraction drops by half. The contours in Fig. 
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15 confirm that the soot-containing region shrinks in both length and width. Soot inception 

and surface growth require fuel-rich gases at high temperature; the enhanced mixing produced 

by the more turbulent co-flow reduces the residence time of the gases in this fuel-rich, high-

temperature region and accelerates the supply of oxidising species, both of which limit soot 

growth and promote its oxidation. The trend agrees with the decrease of soot with increasing 

free-stream turbulence reported by Saqr et al. (2010) and with the sensitivity of soot 

emissions to inflow conditions observed by Lopez-Parra and Turan (2007). 

 

Fig. 14. Centreline soot volume fraction for air-stream turbulence intensities of 20% and 80%. 

 

 

Fig. 15. Soot volume fraction for air-stream turbulence intensities of 20% (upper half) and 

80% (lower half). 

 

Taken together, the NO and soot results show that the co-flow turbulence intensity 

affects soot much more strongly than NO: a fourfold increase in ܫ௔௜௥ reduces the peak NO by 

8% but the peak soot by 43%. The contrast stems from what each pollutant responds to: soot 

is governed by how large and long-lived the hot, fuel-rich zone is, a property controlled by 

mixing, whereas NO follows mainly the peak temperature, which changes only moderately. 

Enhancing co-flow turbulence thus appears to be an effective means of reducing soot without 

a NO penalty in confined diffusion flames, as it reduces both. 
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Limitations and uncertainty 

Several limitations of the present approach must be considered when interpreting the 

results. First, the walls were treated as adiabatic and radiation was not modelled; this is the 

main cause of the centreline temperature over-prediction, which reaches about 530 K with the 

standard k–ε closure and 310 K with the RSM. Because thermal NO depends exponentially on 

temperature, the absolute NO levels are likely to be over-estimated, and the relative trends 

(Table 7) are more reliable than the absolute values. Second, the EDM is a mixing-controlled 

closure; its combination with multistep chemistry is pragmatic rather than rigorous (see 

Influence of the chemical-kinetic scheme), and finite-rate closures should be used to predict 

minor species and CO. Third, the measured mixture fraction was used to construct bounds on 

the fuel mass fraction rather than as a direct measure of it; direct comparisons of the predicted 

mixture fraction would further strengthen the validation. Fourth, the simulations are steady 

and two-dimensional, and inflow turbulence was specified through intensity and length-scale 

boundary conditions; the 20–80% range of turbulence intensity is higher than would be 

expected for the straightened co-flow of the experiment and was chosen deliberately to 

bracket the sensitivity of the pollutants. Finally, the semi-empirical soot model uses methane-

specific constants; coupling it with radiation (for example, a discrete-ordinates solver with 

grey-gas-mixture absorption coefficients) and with better precursor chemistry should improve 

the predicted soot spread (Valencia et al. 2021; Garnayak et al. 2022). These aspects define 

natural extensions of the present work, together with LES of the same configuration. 

 

Conclusions 

 

RANS simulations of the Brookes–Moss enclosed methane jet flame were used to 

quantify how the turbulence closure, the kinetic scheme and the co-flow turbulence intensity 

affect the computed flame structure, NO and soot. The main conclusions are as follows. 

1. With an observed order of 2.57 and a fine-grid GCI of 0.49%, the discretisation error is 

negligible relative to the modelling error. 

2. All closures over-predicted the centreline temperature, mainly because of the adiabatic, 

non-radiating treatment and the one-step chemistry. The RSM reduced the centreline 

temperature MAPE from 30.1% (standard k–ε) to 15.9% and best reproduced the radial 

width of the hot region, whereas the k–ω and RSM closures predicted the fuel decay 

with comparable accuracy (MAPE ≈ 38%). 
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3. Using the measured mixture fraction and the fast-chemistry limit to bound the mean fuel 

mass fraction provided a physically consistent validation criterion. Replacing the one-

step scheme with the 16-step ARM2 mechanism reduced the centreline fuel-decay error 

from 56.6% to 9.5%, which exceeds the improvement obtained by changing the 

turbulence closure. 

4. NO formation was dominated by the thermal route: the NO maxima coincided with the 

off-axis temperature maxima at r ≈ 18–22 mm and NO accumulated downstream. 

5. Increasing the air-stream turbulence intensity from 20% to 80% reduced the peak 

centreline NO from 183 to 168 ppm (−8.4%), moved it 0.05 m upstream and reduced 

the outlet NO by 20%. 

6. The centreline soot levels were predicted within 7% of the measurements at x = 0.3 and 

0.425 m, but the radial extent of the soot region was under-predicted by a factor of 

about two. Going from 20% to 80% intensity lowered the peak soot by 43% and the 

axially integrated soot by 50%. 

These results indicate that, for low-cost engineering predictions of pollutants in 

confined diffusion flames, a closure that avoids the round-jet spreading error of the standard 

k–ε model should be combined with at least a reduced multistep mechanism, and that co-flow 

turbulence can be used as an effective means of reducing soot without increasing NO. Future 

work will include radiation, finite-rate turbulence–chemistry interaction and large-eddy 

simulation of the same configuration. 

 

Symbols 

 

A, B constants of the eddy-dissipation model 

b*
nuc normalised radical-nuclei concentration 

Dh hydraulic diameter m 

fv soot volume fraction 

h enthalpy per unit mass; characteristic grid spacing J kg–1; m 

I turbulence intensity % 

k turbulence kinetic energy m2 s–2 

M soot mass per unit volume kg m–3 

N soot particle number per unit volume m–3 

p pressure; observed order of convergence Pa; – 

Prt turbulent Prandtl number 
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r radius; ratio of grid spacings m; – 

Rij Reynolds stress tensor m2 s–2 

Sct turbulent Schmidt number 

T temperature K 

ui velocity component m s–1 

x axial distance from the nozzle m 

Yk mass fraction of species k 

Greek letters 

ε turbulence dissipation rate m2 s–3 

μt turbulent viscosity Pa s 

ξ mixture fraction 

ξst stoichiometric mixture fraction 

ρ density kg m–3 

ω specific dissipation rate s–1 

 

Abbreviations 

ARM2 16-step augmented reduced mechanism 

EDM eddy-dissipation model 

GCI grid convergence index 

MAE mean absolute error 

MAPE mean absolute percentage error 

RANS Reynolds-averaged Navier–Stokes 

RMSE root-mean-square error 

RSM Reynolds stress model 

TCI turbulence–chemistry interaction 
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