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Abstract 7 
 8 

While the flamelet paradigm offers the opportunity to simplify computations of mean species concentrations in 9 

turbulent flames, a widely accepted criterion of the validity of this paradigm has not yet been elaborated. In this 10 

regard, different physical mechanisms are discussed, and flame folding is one of them. The present work aims at 11 

exploring the eventual influence of flame folding on the local flame structure in a turbulent flow. For this purpose, 12 

a new diagnostic technique was applied to processing complex-chemistry direct numerical simulation data obtained 13 

earlier from a lean hydrogen-air turbulent flame [H.L. Dave and S. Chaudhuri, J. Fluid Mech. 884, A46 (2020)]. 14 

The technique consists of counting crossing numbers 𝑁𝑓 for a cold boundary of the local reaction zone and a ray 15 

normal to the mean flame brush, followed by analyzing statistics sampled from rays characterized by 𝑁𝑓 ≥ 3. More 16 

specifically, profiles of species mole fractions, temperature, heat release rate, and species production rates, 17 

conditioned to combustion progress variable and either 𝑁𝑓 or axial distance ∆𝑥 between two neighboring reaction 18 

zones, are sampled and compared with the counterpart profiles obtained from the laminar flame. Results show that 19 

these doubly conditioned profiles are close to each other for various crossing numbers or for various axial distances 20 

even if the distance is as small as half laminar flame thickness. The lack of a substantial effect of the crossing 21 

number or the axial distance on the doubly conditioned profiles implies that small-scale flame folding does not 22 

limit the validity of the flamelet paradigm. 23 

Keywords: Turbulent combustion; Flame folding; Conditioned profiles; Hydrogen24 

I. ITRODUCTION 25 

Until recently, the focus research into premixed turbulent combustion was placed on the 26 

influence of turbulence on a burning rate1-5 and the influence of a flame on turbulence.6-10 27 

Currently, due to the threat of global warming, new challenges arise. In particular, an urgent 28 

need for development of ultra clean burning technologies calls for efficient methods capable 29 
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for predicting emissions from combustion engines. From this perspective, the flamelet 30 

paradigm11 is very attractive, because it offers the opportunity to significantly simplify 31 

computations of mean concentrations of various species in flames. Initially, this paradigm was 32 

developed for modeling weakly turbulent combustion. Recent experimental and numerical 33 

studies reviewed by Driscoll et al.,12 as well as the latest measurements13 and simulations,14-25 34 

indicate that premixed flames locally retain the scalar structure of laminar flames even in 35 

intense turbulence. In particular, Prof. Pfitzner et al.21-25 substantially advanced the flamelet 36 

approach over the past three years. These recent results extend the domain of applicability of 37 

the flamelet paradigm, but boundaries of this domain are still not known. 38 

For instance, flame folding followed by flame-flame interactions is expected to play a more 39 

important role with increasing turbulent intensity, thus, reducing predictive capabilities of the 40 

flamelet approach in intense turbulence. However, such quite natural expectations should 41 

nevertheless be probed. While flame folding and flame-flame interactions were numerically 42 

explored in the literature,25-30 the focus of the earlier studies was placed on turbulent burning 43 

rate, flame surface area, or probability density functions. Since these quantities were shown 44 

to be substantially affected by flame folding and flame-flame interactions, one could also 45 

expect substantial influence of the discussed phenomena on the local scalar structure of the 46 

interacting flames. However, the present authors are not aware of research into such an 47 

influence. Therefore, a reasonable agreement12-20 between conditioned profiles of species 48 

concentrations or temperature, extracted from highly turbulent flames, with results of 49 

simulations of laminar flames could be attributed not only to (i) a minor role played by flame 50 

folding and flame-flame interactions under conditions of the cited studies, but also to (ii) 51 

statistically weak sensitivity of local flame structure to these phenomena. Even if the latter 52 

alternative does not seem to be expected, it should be explored. Since the present authors are 53 
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not aware of a relevant study, this work aims at filling this knowledge gap by analyzing Direct 54 

Numerical Simulation (DNS) data by Dave et al.31,32. 55 

In the next section, the DNS attributes and data processing methods are reported. Results 56 

are discussed in Sect. III, followed by conclusions. 57 

 58 
II. DNS ATTRIBUTES AND PROCESSING METHODS 59 

Since the simulations were already discussed in earlier papers,14,16,31,32 we will restrict 60 

ourselves to a brief summary of them. A statistically planar, lean H2/air flame propagating in 61 

a box was simulated using a detailed chemical mechanism (21 reactions, 9 species) by Li et 62 

al.33 jointly with the mixture-averaged molecular transport model. To numerically solve 63 

unsteady and three-dimensional compressible continuity, Navier-Stokes, species and energy 64 

transport equations in a parallelepiped (19.18 × 4.8 × 4.8 mm) meshed using a uniform grid 65 

of 960 × 240 × 240 cells, the Pencil code34 was adopted. Navier-Stokes characteristic 66 

boundary conditions35 were set at the inlet and outlet. At the transverse sides, boundary 67 

conditions were periodic. 68 

Combustion simulations were started at 𝑡 = 0 by embedding a pre-computed planar laminar 69 

flame into the computational domain at 𝑥 = 𝑥0. Subsequently, the flame propagated along the 70 

𝑥-axis against a turbulent flow injected into the computational domain through the inlet (left) 71 

boundary. Before the start of the combustion simulation, homogeneous isotropic turbulence 72 

was generated adopting large-scale forcing in a cube with the fully periodic boundary 73 

conditions and was evolved until a statistically stationary state characterized by Kolmogorov-74 

Obukhov’s 5/3-spectrum was reached.31 At 𝑡 ≥ 0, this turbulence was injected into the 75 

computational domain at a constant mean velocity. The turbulence decayed along the 𝑥-axis. 76 

Under the simulation conditions (atmospheric pressure, unburned gas temperature 𝑇𝑢 =310 77 

K, and the equivalence ratio Φ = 0.81), the laminar flame speed 𝑆𝐿, thickness 𝛿𝐿 =78 
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(𝑇𝑏 − 𝑇𝑢) max|∇𝑇|⁄ , and time scale 𝜏𝑓 = 𝛿𝐿 𝑆𝐿⁄  are equal to 1.84 m/s, 0.36 mm, and 0.20 ms, 79 

respectively. The pre-generated homogeneous isotropic turbulence is characterized32 by  the 80 

rms velocity 𝑢′ = 6.7 m/s, an integral length scale 𝐿 = 3.1 mm, an integral time scale 𝜏𝑡 =81 

𝐿 𝑢′⁄ = 0.46 ms, Kolmogorov length scale 𝜂 = (𝜈𝑢
3 〈𝜀〉⁄ )1 4⁄ = 0.018 mm, Kolmogorov time 82 

scale 𝜏𝜂 = (𝜈𝑢 〈𝜀〉⁄ )1 2⁄ = 0.015 ms, and turbulent Reynolds number 𝑅𝑒𝑡 = 𝑢′𝐿 𝜈𝑢⁄ = 950.  83 

Thus, Karlovitz number and 𝐾𝑎 = (𝛿𝐿 𝜂⁄ )2 = 400 and Damköhler number 𝐷𝑎 = 𝜏𝑡 𝜏𝑓⁄ =84 

2.35. Here, 〈𝜀〉 = 〈2𝜈𝑆𝑖𝑗𝑆𝑖𝑗〉 is the rate of dissipation of turbulent kinetic energy, averaged 85 

over the cube; 𝑆𝑖𝑗 = (𝜕𝑢𝑖 𝜕𝑥𝑗⁄ + 𝜕𝑢𝑗 𝜕𝑥𝑖⁄ ) 2⁄  is the rate-of-strain tensor; 𝜈 is the kinematic 86 

viscosity of the mixture; the summation convention applies to repeated indexes; subscripts 𝑢  87 

and 𝑏 designate unburned and burned gas, respectively. Due to the turbulence decay along the 88 

mean flow direction, 𝑢′ = 3.3 m/s at the leading edge of the mean flame brush, whereas the 89 

turbulence length scales vary weakly between the inlet boundary and the leading edge. 90 

 91 
FIG. 1. Diagnostics of flame folding events. 92 

To explore flame folding events and their effects on the local flame structure, the DNS data 93 

were processed as follows. First, at each instant 𝑡, rays {𝑦 = 𝑦𝑗 , 𝑧 = 𝑧𝑘} parallel to the 𝑥-axis 94 

and normal to the mean flame brush were drawn from each grid node in the inlet plane to the 95 

outlet plane, see black arrow in Fig. 1. Then, a crossing number 𝑁𝑓 was counted for each ray 96 

and the cold boundary 𝑐(𝐱, 𝑡) = 𝑐𝑓,1 of the reaction zone, see circles on an orange curve in 97 
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Fig. 1. Note that if a ray had crossed the cold boundary at least once, the next increase in the 98 

crossing number was allowed solely when the ray had also crossed the hot boundary 𝑐(𝐱, 𝑡) =99 

𝑐𝑓,2 (the latter events shown in crosses on a red curve in Fig. 1 were not counted in 𝑁𝑓). 100 

Accordingly, (i) even crossing numbers were associated with local flame elements that move 101 

to the right, i.e., to the product side of the flame brush, and (ii) the largest (for each ray) 102 

crossing number, i.e., 𝑁𝑓(𝑦, 𝑧, 𝑡), was an odd number, because 𝑐(𝑦, 𝑧, 𝑡) > 𝑐𝑓,2 at the outlet.  103 

Results reported in the following were obtained using the temperature-based combustion 104 

progress variable 𝑐 = (𝑇 − 𝑇𝑢) (𝑇𝑏 − 𝑇𝑢)⁄ . The boundaries 𝑐𝑓,1 = 0.10 and 𝑐𝑓,2 = 0.66 have 105 

been set using a constraint of 𝜔̇𝑇(𝑐𝑓,1) = 𝜔̇𝑇(𝑐𝑓,2) = 0.5max{𝜔̇𝑇(𝑐)}, where 𝜔̇𝑇(𝑐) 106 

designates dependence of Heat Release Rate (HRR) on the combustion progress variable in 107 

the unperturbed laminar flame. A similar analysis was performed adopting fuel concentration 108 

to define another combustion progress variable and setting the reaction zone boundaries for 109 

the local Fuel Consumption Rate (FCR) 𝜔̇𝐹(𝐱, 𝑡) to be equal to half the peak FCR in the 110 

laminar flame. Since major results obtained using (i) the temperature-based combustion 111 

progress variable and HRR or (ii) the fuel-based combustion progress variable and FCR are 112 

similar, we will restrict ourselves to reporting the former results only. 113 

 114 
FIG. 2. Typical instantaneous axial temperature profile characterized by the largest obtained 115 
𝑁𝑓(𝑦, 𝑧, 𝑡). Blue circles and red squares show boundaries of local reaction zones.  116 
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Shown in Fig. 2 is a typical instantaneous axial temperature profile characterized by the 117 

largest 𝑁𝑓(𝑦, 𝑧, 𝑡) = 7 found by processing the DNS data. In some cases, 𝑐𝑓,1 = 0.10 and 118 

𝑐𝑓,2 = 0.66 bound thick reaction zones, which have complicated local structures, e.g., see the 119 

temperature profile between the fifth blue circle and the fifth red square. Such zones appear 120 

to be particularly difficult to model using the flamelet approach.  121 

Figure 2 illustrates also that the number 𝑁𝑓(𝑦, 𝑧, 𝑡) depends on the choice of 𝑐𝑓,1 and 𝑐𝑓,2. 122 

Indeed, 𝑁𝑓(𝑦, 𝑧, 𝑡) = 9 can be obtained by slightly increasing 𝑐𝑓,1 and decreasing 𝑐𝑓,2 in order 123 

for each shifted horizontal straight dashed line to cross the local dome centered at 𝑥 ≈ 11.5 124 

mm twice. Nevertheless, such variations in 𝑐𝑓,1, 𝑐𝑓,2, and, hence, 𝑁𝑓(𝑦, 𝑧, 𝑡) weakly affect 125 

doubly conditional profiles discussed below and reported later, because these profiles are 126 

almost the same for different 𝑁𝑓(𝑦, 𝑧, 𝑡), as will be shown in Sect. III. 127 

Doubly conditioned single-point scalar mixture characteristics ⟨𝜙|𝜉, 𝑁𝑚⟩ were sampled 128 

from grid points characterized by |𝑐(𝐱, 𝑡) − 𝜉𝑗| < 0.005 along rays characterized by 129 

𝑁𝑓(𝑦, 𝑧, 𝑡) = 𝑁𝑚 at various instants 𝑡. Here, 𝜉𝑗 = 0.01𝑗 with 𝑗 = 0, … , 100 is a sample 130 

variable for the instantaneous 𝑐(𝐱, 𝑡)-field and 𝜙 subsumes mass fraction 𝑌𝑙 of 𝑙 species, the 131 

rate 𝜔̇𝑙 of its production, temperature 𝑇, and HRR. Comparison of the conditional profiles 132 

⟨𝜙|𝜉, 𝑁𝑚⟩ sampled at different 𝑁𝑚 offers the opportunity to statistically explore the influence 133 

of flame folding on the local flame structure. 134 

Besides, along each ray characterized by 𝑁𝑓(𝑦, 𝑧, 𝑡) > 1, axial distances Δ𝑥(𝑦, 𝑧, 𝑡) 135 

between two rightmost neighboring crossing points 𝑐(𝐱, 𝑡) = 𝑐𝑓,1 (i.e., axial distances 136 

between leading edges of two reaction zones that are most close to the outlet boundary, see 137 

the distance Δ𝑥(𝑦, 𝑧, 𝑡) in Fig. 1 or a small distance between blue circles 6 and 7 in Fig. 2) 138 

were calculated. Then, doubly conditioned quantities ⟨𝜙|𝜉, ∆𝑚⟩ were sampled along rays 139 
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characterized by Δ𝑚−1 < Δ𝑥(𝑦, 𝑧, 𝑡) ≤ Δ𝑚 and 𝑁𝑓(𝑦, 𝑧, 𝑡) > 1 at all instants. Here, Δ𝑚 −140 

Δ𝑚−1 = 𝛿𝐿 2⁄  and Δ0 = 0. Comparison of the conditional profiles ⟨𝜙|𝜉, ∆𝑚⟩ sampled at 141 

different Δ𝑚 also offers the opportunity to explore the statistical influence of flame folding on 142 

the local flame structure. 143 

The conditional profiles were sampled from 56 snapshots stored, each 5 μs over 1.291 ms 144 

≤ 𝑡 ≤1.566 ms or 2.8 ≤ 𝑡 𝜏𝑡⁄ ≤ 3.4). 145 

III. RESULTS AND DISCUSSION 146 

Figure 3 compares evolutions of turbulent burning velocities evaluated by integrating the 147 

HRR expressed in g∙K/(cm3s) or the flame surface density |∇𝑐|̅̅ ̅̅ ̅(𝐱, 𝑡) over the computational 148 

domain Ω, i.e., 149 

𝑈𝑡
𝐻𝑅𝑅(𝑡) =

1

𝜌𝑢(𝑇𝑏−𝑇𝑢)Λ2  
∭ 𝜔̇𝑇(𝐱, 𝑡)𝑑𝐱

Ω
,              (1) 150 

𝑈𝑡
𝐹𝑆𝐷(𝑡) =

𝑆𝐿

Λ2  
∭ |∇𝑐|̅̅ ̅̅ ̅(𝐱, 𝑡)𝑑𝐱

Ω
.                          (2) 151 

Here, 𝜌 is the density and Λ is the computational domain width. In line with the flamelet 152 

paradigm, 𝑈𝑡
𝐻𝑅𝑅(𝑡) ≈ 𝑈𝑡

𝐹𝑆𝐷(𝑡). At the same time, a large 𝑈𝑡
𝐻𝑅𝑅(𝑡) > 5𝑆𝐿 implies that flame 153 

folding could substantially affect 𝑈𝑡
𝐻𝑅𝑅(𝑡). 154 

 155 

 156 
FIG. 3. Evolution of turbulent burning velocities evaluated using Eqs. (1) and (2). 157 
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 158 
FIG. 4. Contributions of sets of rays, characterized by different 𝑁𝑓(𝑦, 𝑧, 𝑡) specified in legends, to bulk 159 
HRR. 160 

However, Fig. 4 shows that contributions of folded flame elements, i.e., rays characterized 161 

by 𝑁𝑓(𝑦, 𝑧, 𝑡) ≥ 3, to volume integrated HRR is rather small, always less than 30%. These 162 

contributions have been evaluated by integrating the HRR along all rays characterized by the 163 

same 𝑁𝑓(𝑦, 𝑧, 𝑡) = ℕ and dividing the sum of these integrals with the number Ν𝑟(ℕ) of such 164 

rays, i.e., 165 

 𝑈ℕ
𝐻𝑅𝑅(𝑡) =

1

𝜌𝑢(𝑇𝑏−𝑇𝑢)Ν𝑟  
∑ [∫ 𝜔̇𝑇(𝐱, 𝑡)𝑑𝑥]𝑁𝑓(𝑦,𝑧,𝑡)=ℕ .              (3) 166 

 167 
FIG. 5. Evolution of volume-averaged crossing number. 168 

Besides, the mean crossing number 〈𝑁𝑓〉(𝑡), i.e., 𝑁𝑓(𝑦, 𝑧, 𝑡) averaged over all rays, is also 169 

sufficiently small, see Fig. 5, at least, significantly less than  𝑈𝑡
𝐻𝑅𝑅(𝑡) 𝑆𝐿⁄ . These results are 170 

consistent with an earlier DNS study36 of constant-density highly turbulent reacting waves 171 

characterized by various 0.01 ≤ 𝐷𝑎 < 1.0. That study has shown that an increase in 𝑈𝑡(𝑡) 𝑆𝐿⁄  172 
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in a turbulent flow is mainly controlled by inclination of instantaneous flames with respect to 173 

the normal to the mean flame brush, whereas flame folding plays a secondary role. The 174 

inclination effect is illustrated in Fig. 6, which reports mean values 〈𝑛𝑥〉(𝑡) of  𝑛𝑥(𝑦, 𝑧, 𝑡) 175 

evaluated in all crossing points for the cold (black dotted-dashed line in Fig. 6 and circles in 176 

Fig. 1) and hot (red dashed line in Fig. 6 and crosses in Fig. 1) boundaries of reaction zones. 177 

Here, 𝑛𝑥 is the 𝑥-component of the unit normal vector 𝐧 = − ∇𝑐 |∇𝑐|⁄ . 178 

 179 
FIG. 6. Volume-averaged cosines 〈𝑛𝑥〉(𝑡) evaluated in all crossing points for the cold (black dotted-180 
dashed line) and hot (red dashed line) boundaries of local reaction zones.   181 

Thus, under conditions of the considered DNS, the probability of folding events is 182 

sufficiently low. Accordingly, the capability of flamelet approach for predicting mean mole 183 

fractions of various species in the studied flame14,16 could be attributed to this low probability. 184 

However, the probability is sufficiently high (≈20%) to sample statistics conditioned to 185 

folding events and to explore the influence of such events on the local flame scalar structure. 186 

Figures 7-9 report the conditional profiles ⟨𝜙|𝜉, 𝑁𝑚⟩ and ⟨𝜙|𝜉, ∆𝑚⟩, sampled at different 187 

𝑁𝑚 and ∆𝑚, respectively, for mole fractions (𝜙 = 𝑋𝑙) of H2, O2, and H2O, HRR (𝜙 = 𝜔̇𝑇), 188 

and rates (𝜙 = 𝜔̇𝑙) of consumption of H2 and O2 or creation of H2O. Simple conditioned 189 

profiles of ⟨𝜙|𝜉⟩ are not shown, because they were reported earlier4,6 and are very close to the 190 

doubly conditioned profiles for 𝑁𝑚 = 1 or ∆𝑚= 4𝛿𝐿. All the conditional profiles, see broken 191 

lines, are very close to each other and sufficiently close to the counterpart profiles obtained 192 
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from the laminar flame, see solid lines. A weak effect of flame folding on the conditional 193 

profiles ⟨𝜙|𝜉, 𝑁𝑚⟩ is observed only for 𝑁𝑚 = 7 and only for HRR or mole fractions of O2 and 194 

H2O. Moreover, peak absolute values of the considered rates are lower in the laminar flame, 195 

but the effect is sufficiently weak. 196 

   

(a) (b) (c) 

   

(d) (e) (f) 

FIG. 7. Mole fractions of (a, d) H2, (b, e) O2, and (c, f) H2O conditioned to combustion progress variable 197 
and either (a)-(c) crossing number 𝑁𝑓(𝑦, 𝑧, 𝑡), i.e., ⟨𝑋𝑙|𝜉, 𝑁𝑚⟩, or (d)-(f) distance Δ𝑥(𝑦, 𝑧, 𝑡), i.e., 198 
⟨𝑋𝑙|𝜉, Δ𝑚⟩. Profiles obtained from the laminar flame are plotted in magenta solid lines. Legends in 199 
panels (a)-(c) and (d)-(f) report 𝑁𝑓(𝑦, 𝑧, 𝑡) and Δ𝑚 𝛿𝐿⁄ , respectively. 200 

  
(a) (b) 

FIG. 8. Heat release rate conditioned to combustion progress variable and either (a) crossing number 201 
𝑁𝑓(𝑦, 𝑧, 𝑡), i.e., ⟨𝜔̇𝑇|𝜉, 𝑁𝑚⟩, or (b) distance Δ𝑥(𝑦, 𝑧, 𝑡), i.e., ⟨𝜔̇𝑇|𝜉, Δ𝑚⟩. Legends are explained in 202 
caption to Fig. 7. 203 
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(a) (b) (c) 

   

(d) (e) (f) 

FIG. 9. Production rates for (a, d) H2, (b, e) O2, and (c, f) H2O conditioned to combustion progress 204 
variable and either (a)-(c) crossing number 𝑁𝑓(𝑦, 𝑧, 𝑡) or (d)-(f) distance Δ𝑥(𝑦, 𝑧, 𝑡). Legends are 205 
explained in caption to Fig. 7. 206 

Figures 10-13 show that the doubly conditioned profiles of radical mole fractions and 207 

production rates are also weakly affected by 𝑁𝑚 or ∆𝑚. While differences between the 208 

conditional profiles ⟨𝑋𝑙|𝜉, 𝑁𝑚⟩ sampled at different 𝑁𝑚 and the laminar flame profiles 𝑋𝑙,𝐿(𝑐) 209 

are increased with 𝑁𝑚 for mole fractions of H, O, and OH, see Figs. 10a-10c, these differences 210 

are sufficiently small. For mole fractions of HO2 and H2O2 and for all radical production rates, 211 

differences between the profiles conditioned to various 𝑁𝑚 or ∆𝑚 are significantly less than 212 

differences between these profiles and the laminar flame profiles. Accordingly, the validity of 213 

the flamelet paradigm is limited by physical mechanisms associated with perturbations of a 214 

single local flame (e.g., flame stretching by small-scale turbulent eddies or local variations in 215 

the equivalence ratio and temperature due to differential diffusion effects37), rather than by 216 

flame folding. For instance, due to the differential diffusion effects, the local combustion 217 

progress variable can be larger than unity, with differences between the conditional profiles 218 

⟨𝑋𝑙|𝜉, 𝑁𝑚⟩ sampled at different 𝑁𝑚  and 𝑋𝑙,𝐿(𝑐) being most pronounced at 𝑐(𝐱, 𝑡) ≈ 1 for O2, 219 

H2O, OH, and H, see Fig. 7b, 7c, 10b, and 10c. 220 
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(a) (b) (c) 

   

(d) (e) (f) 

FIG. 10. Mole fractions of the radicals (a, d) H, (b, e) O and (c, f) OH conditioned to combustion 221 
progress variable and either (a)-(c) crossing number 𝑁𝑓(𝑦, 𝑧, 𝑡) or (d)-(f) distance Δ𝑥(𝑦, 𝑧, 𝑡). Legends 222 
are explained in caption to Fig. 7. 223 

   

(a) (b) (c) 

   

(d) (e) (f) 

FIG. 11. Rates of production/consumption of the radicals (a, d) H, (b, e) O and (c, f) OH conditioned 224 
to combustion progress variable and either (a)-(c) crossing number 𝑁𝑓(𝑦, 𝑧, 𝑡) or (d)-(f) distance 225 
Δ𝑥(𝑦, 𝑧, 𝑡). Legends are explained in caption to Fig. 7. 226 

In this regard, it is worth emphasizing the following two points. First, the present work aims 227 

mainly at studying the influence of flame holding on the validity of the flamelet paradigm. 228 

Therefore, comparison of the conditional profiles ⟨𝜙|𝜉, 𝑁𝑚⟩ sampled at different 𝑁𝑚 or the 229 
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conditional profiles ⟨𝜙|𝜉, ∆𝑚⟩ sampled at different ∆𝑚 is of primary interest, whereas the 230 

counterpart profiles 𝜙𝐿(𝑐) obtained from the unperturbed laminar flame are solely reported 231 

for illustration. In other words, investigation of the influence of small-scale turbulent eddies 232 

on the simple conditional profiles ⟨𝜙|𝜉⟩ is beyond the scope of the present work. In intense 233 

turbulence, variations in ⟨𝜙|𝜉⟩ can stem, e.g., from local strain effects or local intensification 234 

of mixing by small-scale turbulent eddies. Within the framework of the flamelet paradigm, 235 

such effects could be addressed by invoking the profiles 𝜙𝐿(𝑐) obtained from strained laminar 236 

flames or equidiffusive laminar flames, e.g., see recent papers by Skiba et al.13 and Lipatnikov 237 

et al.,18 respectively. Eventual influence of flame folding on the validity of so extended 238 

flamelet paradigm should be explored by analyzing DNS data obtained under conditions of 239 

sufficiently intense turbulence and this could be a goal for a subsequent study. Under 240 

conditions of the DNS analyzed here (moderately intense turbulence), the simplest version of 241 

the flamelet paradigm works well. For instance, as discussed in detail elsewhere,14,16 242 

dependencies of the mean 𝜙̅ on the mean 𝑐̅  can be well predicted by averaging the profiles 243 

𝜙𝐿(𝑐) obtained from the unperturbed laminar flame. Nevertheless, under these conditions, the 244 

probability of finding large crossing numbers, i.e., 𝑁𝑓(𝑦, 𝑧, 𝑡) = 3, 5, or 7 is sufficiently large, 245 

because about 3 ∙ 109 rays can be sampled from 56 snapshots. Therefore, the conditions of 246 

the DNS by Dave et al.31 fit well to the major goal of the present study, i.e., exploring the 247 

influence of flame folding on the conditional profiles ⟨𝜙|𝜉, 𝑁𝑚⟩ sampled at 𝑁𝑚 ≥ 3. 248 

Second, while differential diffusion effects are well known37 to play an important role in 249 

lean hydrogen-air flames, the equivalence ratio Φ = 0.81 set by Dave et al.31 is beyond the 250 

domain of significant statistical importance of these effects. For instance, in a DNS study by 251 

Chen and Im,38,39 such effects were shown to be weak even at lower Φ = 0.7. Statistically 252 

significant differential diffusion effects were not revealed in recent analyses15,17,40 of other 253 
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DNS data obtained from lean hydrogen-air flames characterized by Φ = 0.7. Moreover, Fig. 254 

3 shows that turbulent burning velocities evaluated using Eqs. (1) and (2) are very close to 255 

one another under the present DNS conditions. Since Eq. (2) involves the unperturbed laminar 256 

flame speed 𝑆𝐿, Fig. 3 implies that the influence of differential diffusion phenomena on the 257 

local HRR is statistically weak under the studied conditions. Therefore, eventual interaction 258 

between flame folding and differential diffusion effects deserves further study by processing 259 

DNS data obtained from hydrogen-air flames characterized by a substantially lower 260 

equivalence ratio, e.g., Φ ≤ 0.5. Nevertheless, local manifestations of differential diffusion 261 

effects were documented in the present study, as noted above and below. 262 

  

(a) (b) 

  

(c) (d) 

FIG. 12. Mole fractions of (a, b) HO2 and (c, d) H2O2 conditioned to combustion progress variable and 263 
either (a, c) crossing number 𝑁𝑓(𝑦, 𝑧, 𝑡) or (b, d) distance Δ𝑥(𝑦, 𝑧, 𝑡). Legends are explained in caption 264 
to Fig. 7. 265 
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(a) (b) 

  

(c) (d) 

FIG. 13. Production rates of (a, b) HO2 and (c, d) H2O2 conditioned to combustion progress variable 266 
and either (a, c) crossing number 𝑁𝑓(𝑦, 𝑧, 𝑡) or (b, d) distance Δ𝑥(𝑦, 𝑧, 𝑡). Legends are explained in 267 
caption to Fig. 7. 268 

While flame folding and flame-flame interactions can result in disappearance of some 269 

segments of the interacting flames, the present results imply that surviving flame segments 270 

retain their structure to the leading order in the statistical sense. This claim does not mean that 271 

instantaneous local differences between 𝜙(𝐱, 𝑡) in a turbulent flame and 𝜙[𝑐(𝐱, 𝑡)] taken from 272 

simulations of the counterpart laminar flame are always weak. On the contrary, Fig. 14 shows 273 

that such differences can be significant in the vicinity of the local extreme points of the axial 274 

profiles sampled from the turbulent flame.  Nevertheless, even in this case, the turbulent and 275 

laminar flame profiles are close at intermediate values of 𝑐(𝐱, 𝑡).276 
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(a) (b) (c) 

FIG. 14. Instantaneous axial profiles of (a) mole fraction of H2, (b) mole fraction of H, and (c) fuel 277 
production rate, corresponding to the temperature profile plotted in Fig. 2. Red solid lines show profiles 278 
sampled from the turbulent flame. Black dashed lines show profiles obtained by substituting 𝑐(𝑥) 279 
sampled from the turbulent flame into dependencies of 𝜙𝐿(𝑐) obtained from the laminar flame. 280 

Figure 14 also indicates that, in the leading zone (𝑥 < 10 mm) of the flame brush, peak 281 

values of |𝜙(𝑥) − 𝜙𝑢| are larger for the turbulent flame profiles of 𝑋H2
, 𝑋H, and 𝜔̇H2

 when 282 

compared to the flamelet profiles 𝜙𝐿[𝑐(𝑥)], whereas the opposite trend is observed in the 283 

trailing zone (𝑥 > 13 mm). This observation, which typically holds for many other randomly 284 

selected axial profiles not reported here for brevity, could be attributed to differential diffusion 285 

phenomena. Indeed, for lean hydrogen-air flames, (i) such phenomena are known37 to result 286 

in increasing (decreasing) the local temperature, equivalence ratio, HRR, and fuel 287 

consumption rate in positively (negatively, i.e., the curvature center in the unburned reactants) 288 

curved reaction zones and (ii) such zones are predominately localized to the leading (trailing) 289 

edge of a premixed turbulent flame brush for purely geometrical reasons, e.g., see Fig. 8b in 290 

a recent paper by Sabelnikov et al.40. Thus, even if differential diffusion phenomena weakly 291 

affect (for Φ = 0.81) bulk flame characteristics such as  𝑈𝑡
𝐻𝑅𝑅(𝑡), see Fig. 3, such phenomena 292 

can play an important role locally. 293 

IV. CONCLUSIONS 294 

To explore eventual influence of flame folding and flame-flame interactions on the structure 295 

of local flames in a turbulent flow, new diagnostic techniques were applied to processing DNS 296 

data obtained from a moderately turbulent, complex-chemistry, lean hydrogen-air flame. The 297 
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techniques consist of counting crossing numbers 𝑁𝑓(𝑦, 𝑧, 𝑡) for a cold boundary of the local 298 

reaction zone and a ray normal to the mean flame brush, followed by analyzing statistics 299 

sampled from rays characterized by 𝑁𝑓(𝑦, 𝑧, 𝑡) ≥ 3. More specifically, profiles of species 300 

mole fractions, temperature, heat release rate, and species production rates, conditioned to 301 

combustion progress variable and either 𝑁𝑓(𝑦, 𝑧, 𝑡) or axial distance between two neighboring 302 

reaction zones, were sampled and compared. 303 

Results show that the doubly conditioned profiles are close to each other for various 304 

crossing numbers or for various axial distances even if the distance is as small as half laminar 305 

flame thickness, e.g., see two interacting flames at 𝑥 ≈ 14.5 mm in Fig. 2.  306 

The lack of a substantial effect of the crossing number or the axial distance on the doubly 307 

conditioned profiles implies that small-scale flame folding is unlikely to limit validity of 308 

flamelet paradigm, which seems to be controlled by other physical mechanisms (local flame 309 

stretching, differential diffusion, etc.). In the statistical sense, the present results further 310 

support using flamelet paradigm for turbulent combustion modeling. Since this study is 311 

restricted to analyzing a single moderately turbulent flame, application of the developed 312 

diagnostic techniques to other DNS data computed, e.g., at a higher 𝑢′ or Karlovitz number, 313 

appears to be of interest and importance. Nevertheless, certain confidence to the major 314 

conclusion regarding weak influence of small-scale flame folding on the flamelet approach 315 

validity is given by the facts that (i) the reported profiles have been conditioned to as large as 316 

𝑁𝑓(𝑦, 𝑧, 𝑡) = 7 folding events, (ii) some folding events are associated with a highly perturbed 317 

local structure of reaction zones (e.g., see Figs. 2 and 14), but, nevertheless, (iii) the 318 

documented influence of variations in 1 ≤ 𝑁𝑓(𝑦, 𝑧, 𝑡) ≤ 7 on the conditioned profiles is very 319 

weak. 320 
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