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Abstract

Three-dimensional direct numerical simulations of spherically propagating premixed turbulent

stoichiometric hydrogen-air �ames with detailed chemistry and detailed di�usion are employed

to clarify the in�uence of turbulence-�ame interactions with respect to �ame structure and

morphology. Four cases are considered within the corrugated �amelets and the thin reac-

tion zone regimes. The most signi�cant fuel consumption and heat release rates occur at the

negatively-curved �amelets. Furthermore, the increments in burning velocity are lower than

the increments in �ame surface area, which is due to the reduction in the local burning inten-

sity at the positively-curved �amelets. The morphology of intense reaction zones is quanti�ed

using Minkowski functionals and their shapes include "tubes", "pancakes" and more complex

shapes, which are compared to their counterparts in planar �ames. As turbulence level in-

creases, the number of locally de�ned intense reaction zones increases, and their boundaries

expand to cover more extensive parts of the �ame front. However, intense reaction zones'

geometrical dimensions do not signi�cantly di�er for each �ame as it propagates. Local tur-

bulence properties are obtained for each intense reaction zone. The conditional averages of

local Taylor microscale and local Kolmogorov scale, conditioned based on the shape�nders,

are investigated. The conditional averages of the local Taylor microscale scale correlate with

the planarity and �lamentarity of intense reaction zones. Therefore, turbulent motions at

Taylor microscale size have a signi�cant role in characterizing turbulence-�ame interactions

relevant to �ame morphology and relevant to the local �ame thickness and reaction layers

of developing-�ames. On the other hand, local Kolmogorov scales' turbulent motions show

weaker or no such correlations. There is a dissidence between global turbulence statistics and

local ones representing the interactions at the �ame front. Local turbulence-�ame interactions

of Taylor microscale sizes occur at speci�c length scales, depending on the �ame size and ir-

relevant of eddies with other length scales.

Keywords: Direct Numerical Simulation (DNS), Turbulent premixed �ame, Developing

�ame, Spherical �ame, Flame morphology, Flame structure
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1 Introduction

Premixed turbulent combustion is widely used in practical applications such as power gas

turbines and spark-ignition engines. Limiting harmful emissions in those applications is pri-

oritized in order to achieve cleaner energy sources. Therefore, clarifying the implications of

turbulence on �ame morphology, topology, and reaction zone structure is essential to realize

such priorities. Early publications related to �ame morphology were discussed via fractal

characteristics [1, 2, 3, 4]. The focus was mainly on predicting the �ame surface properties

to provide a more accurate estimation of the overall �ame front area and burning veloc-

ity. Using modern and recent computational technology, numerical studies of reaction zone

topology or morphology of turbulent �ame fronts have become popular. Through statistical

approaches, the investigation of �ame-�ame interactions and isolated pocket formation within

turbulent �ames became available through compiling a set of possible �ame-�ame interactions

[5, 6]. Recently, Minkowski functionals and shape�nders were employed in investigating the

local topology and �ame morphology of MILD, premixed planar, and swirl-stabilized �ames

[7, 8, 9]. Experimentally, Tyagi et al. [10] have quanti�ed the two-dimensional topology of

�ame-�ame interactions in dual-burner �ames and showed that small-scale interactions are

more frequent than large-scale interactions. The previous examples show that the available

literature discussed the overall morphology/topology and the morphology/topology of local

�ame structures of premixed turbulent �ames with fully-developed �ame fronts.

As for temporarily developing-�ame fronts (e.g., spherical �ames), the morphology/topology

is usually introduced through fractal analysis and by presenting various global models for the

turbulent burning speed [11, 12, 13, 14, 15, 16]. However, as the mentioned methodologies

focus on the overall �ame surface properties, the discussion related to the development of local

�ame structures would be limited. On the other hand, with DNS, it is possible to investigate

local turbulence-�ame interactions in developing-�ame fronts, such as the local variations in

burning rates and turbulent stretching e�ects, as well as the global evolution of the �ame

surface and brush thickness [17, 18, 19, 20, 21, 22, 23, 24]. However, in many studies, to

reduce the huge cost of the DNS, (i) single-step chemistry or reduced reaction mechanisms
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were used instead of detailed chemistry, (ii) single/�xed Lewis number assumption was used

instead of detailed di�usion, and/or (iii) resolution was reduced. In that regard, Aspden et

al. [25] showed the importance of utilizing detailed chemistry and di�usion, as they iden-

ti�ed a decorrelation between fuel consumption rate and heat release rate in lean hydrogen

�ames and related it to speci�c elementary reactions. Such changes to elementary reactions'

response, which may not be observed in simpli�ed chemistry, are reported to change the local

species concentration, fuel consumption rate, and heat release rate within the �ame. Further-

more, Aspden [26] showed that simplifying the di�usion could alter the local chemistry and

consequently changing species concentrations, local fuel consumption rate, heat release rate,

and the overall propagation speed of the �ame. From above, it is clear that the combined

utilization of detailed chemistry and di�usion is important to investigate the local properties

of premixed �ames, especially concerning the morphology/topology of local �ame structures

of developing-�ame fronts which are rarely discussed.

Concerning small-scale turbulence��ame interaction in premixed �ames, Gülder [27] has

investigated the in�uences of microscale mixing within the preheat layer on local burning

velocity. They concluded that the in�uence of turbulent eddies with Taylor microscale sizes

is limited to stirring the preheat layer by contributing to transport enhancements and that

it may or may not be able to wrinkle the �ame front. However, Minamoto et al. [8, 9] have

demonstrated that turbulent eddies scaled by Taylor microscale can contribute to �ame front

wrinkling, ultimately leading to an increase in turbulent burning velocity. That being said,

the previously discussed works were concerned with fully-developed �ames and, in the case of

[7], di�usion was simpli�ed by using the non-unity constant Lewis number assumption. As for

developing-�ame fronts, Kulkarni and Bisetti [28] and Kulkarni et al. [29], have investigated

the surface morphology and the evolution of the brush thickness of spherical turbulent �ames,

and they proposed a scaling of the turbulent �ame speed with the Taylor microscale Reynolds

number, which can emphasises to the importance of small-scale turbulence-�ame interactions

in developing �ame fronts. Furthermore, they showed the possibility of having a wrinkling scale

that is smaller than the Taylor microscale. Still, the conducted analyses considered the global

evolutions of the �ame surface and brush thickness with less emphasis on the development of
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local �ame structures. Furthermore, as the spherical �ames propagated, the temporal change

in turbulence scales and intensities were globally evaluated without an estimation of their

values at the �ame front. Thus, the extent of in�uence that small-scale local turbulence-�ame

interactions hold on developing-�ame fronts needs further investigation.

The present study is focused on the local turbulence-�ame interactions and the local mor-

phology/topology of �ame structures in spherically expanding premixed turbulent �ames by

means of DNS with the detailed chemistry and di�usion. Hydrogen-air combustion is tar-

geted to provide comprehensive information in terms of the promotion of the clean/green

energy sources. The focus is on small-scale (Taylor microscale and Kolmogorov length scale)

turbulence-�ame interactions concerning local �ame structure and morphology. The study

employs Minkowski functionals and shape�nders to quantify various shapes of the reaction

zones at multiple �ame sizes, which also gives the possibility of spatially evaluating turbu-

lence statistics at the �ame front. Therefore, the results give a unique insight into answering

essential questions regarding (i) the evolution of the geometrical dimensions of formed local

structures within the reaction layer as developing-�ame fronts propagate, (ii) the dominant

factors turbulent motions have on developing-�ame front's morphology and structure, and (iii)

the comparison between global turbulence statistics and local ones at the �ame front as the

developing-�ame fronts propagate. In this study, ��ame structure� describes microscale �ame

structure relevant to the local �ame thickness and reaction layers, and ��ame morphology� is

used to describe the global �ame structure, including �ame shape and wrinkling.

2 Methodology

2.1 Governing equations and numerical methods

Spherically propagating hydrogen-air premixed turbulent �ames were investigated employing

three-dimensional direct numerical simulation with detailed chemistry and detailed di�usion.

The considered �ow is a weakly-compressible reactive �ow where low-Mach number is assumed

and can be described using the governing equations of mass, momentum, energy, and mass
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fraction of species as in Eqs. (1�5).

∂ρ

∂t
+
∂ρui
∂xi

= 0 (1)

∂ρui
∂t

+
∂ρuiuj
∂xj

= − ∂P
∂xi

+
∂

∂xj
τij (2)

∂ρh

∂t
+
∂ρuih

∂xi
=
∂P

∂t
+ ui

∂P

∂xi

+
∂

∂xi

[
ρDh

(
∂h

∂xi
−
∑
k

(
hk
∂Yk
∂xi

))
− ρ

∑
k

(hkYkVk,i)

]
+ τij

∂ui
∂xi

(3)

∂ρYk
∂t

+
∂ρuiYk
∂xi

= − ∂

∂xi
(ρVk,iYk) + ρω̇k (4)

P = ρRT (5)

Here, ρ is the density, ui is the velocity in i direction, P is the pressure, τij is the viscous stress

tensor, h is the speci�c enthalpy of the gas mixture, hk is the speci�c enthalpy of species k,

Yk is the mass fraction of species k, ω̇k is the reaction rate of species k, T is the temperature

and R is the universal gas constant. The thermal di�usivity, Dh is expressed as in Eq. (6).

Dh =
λth
ρCp

(6)

Here, λth and Cp are the thermal conductivity and speci�c heat capacity at constant pressure

of the mixture, respectively. The di�usion velocity of species k in i direction, Vk,i is evaluated

using the Curtiss�Hirschfelder �rst-order approximation [30, 31] as in Eq. (7).

Vk,i = −Dk

Xk
∇Xk (7)
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where Xk is the molar fraction of species k and Dk is the molecular di�usivity of species k,

and is obtained as in Eq. (8).

Dk =
1− Yk∑

j 6=kXj/Djk
(8)

where Djk is the binary di�usion coe�cient of species j into species k. The term ∇Xk in Eq.

(7) is evaluated using LU decomposition [32] as in Eq. (9).

∇Xk =
∑
j 6=k

[
XjXk

Djk
(Vj − Vk)

]
(9)

The local Lewis number for each species, Lek was obtained as shown in Eq. (10), where it

compares the thermal di�usivity of the �ow �eld, Dh to the molecular di�usivity of species k.

Lek =
Dh

Dk
(10)

The simulations were performed using an in-house thermal �ow analysis code called FK3

[33, 34, 35, 36, 37]. The FK3 code employs a pressure-based semi-implicit solver for compress-

ible �ows, whose algorithm consists of a fractional-step method [38]. All spatial derivatives,

except the convective terms in the transport equations for energy and species mass fraction,

were discretized using a sixth order central di�erence scheme. A �fth order weighted essen-

tially non-oscillatory (WENO) scheme was used for the convective terms in the transport

equations for energy and species mass fraction to avoid any unphysical numerical oscillation

[39]. For time integration, a third order Runge-Kutta scheme was used. The integration

of chemical reaction rates used in the detailed chemical mechanism was preformed using an

e�cient sti� solver DVODE [40]. Hydrogen-air �ames were implemented using an improved

H2 − O2 reaction mechanism [41]. The mechanism contains 20 elementary reactions and 10

species.

2.2 Computational cases

Four cases were set up in the present study. Premixed turbulent hydrogen-air �ames were

investigated in stoichiometric condition, φ = 1.0, with an initial temperature, Ti and pressure,
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Pi of 298 K and 0.1 MPa, respectively. Homogeneous and isotropic turbulent velocity �elds

were generated through spectral method based on the energy spectrum function in Eq. (11)

[42].

Ek =
32

3

√
2

π

u′ini
2

ke

(
k

ke

)4

exp

[
−2

(
k

ke

)2
]

(11)

Here, u′ini is the initial turbulence intensity and ke is the wavenumber corresponding to the

initial integral length scale, lE,ini as, ke = (2π/lE,ini). Following that, fully developed homo-

geneous and isotropic turbulence �elds were obtained by using the method mentioned in [43],

where initial turbulence �elds are developed in a freely decaying non�reactive computation.

Representative turbulence properties of the fully developed turbulence �elds are mentioned in

Table 1. They were extracted from the three-dimensional domain of each case before starting

the combustion event as averaged quantities. Here, u′ =
(〈

(ui − 〈ui〉)2
〉
/3
)1/2

is the RMS of

velocity and lE = u′3/ε, λ = 1
3

∑3
i=1

√〈
u′2i
〉
/
〈

(∂u′i/∂xi)
2
〉
and η=

(
ν3/ε

)1/4
are the integral

length scale, Taylor microscale and Kolmogorov length scale, respectively. Here, ε is turbulence

kinetic energy dissipation rate and ν is the kinematic viscosity. The brackets 〈·〉 correspond

to the space averaging operation, which is equivalent to the time averaging operation with the

current homogeneity condition of the �ow �eld [44]. In Table 1, turbulence length scales were

normalized by the �ame thermal thickness, δth which was obtained from the laminar �ame

solution (to be introduced in Section 2.3) as δth = (Tb − Tu) /([dT/dx]|max), and was equal

to 0.35 mm. Tb is the burned gas temperature and Tu is the unburned mixture temperature.

The Karlovitz number and Damköhler number are de�ned as Ka = (u′/ul)
3/2 /(lE/δF )1/2

and Da = (lE/δF ) /(u′/ul), where δF is Zel'dovich thickness, δF = ν/ul. Ret is the turbu-

lent Reynolds number, Ret = Ka2Da2, and Reλ is the Taylor microscale Reynolds number,

Reλ = u′λ/ν. Cases C1 and C2 are classi�ed within the corrugated �amelets regime on Pe-

ters turbulent combustion regime diagram. Case C3 is at the border between the corrugated

�amelets and the thin reaction zone regimes, and case T1 is in the thin reaction zone regime,

as shown in Fig. 1.

The DNS has been performed to propagate spherical turbulent premixed �ames in a cubical

domain with uniform mesh. All domain boundaries were set to out�ow conditions. Each edge
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Table 1: Numerical conditions for the present DNS cases.

Case u′/ul lE/δF (lE/δth) λ/δF (λ/δth) η/δF (η/δth) Da Ka Ret(Reλ) kmaxη

C1 1.78 323(10.3) 41.9(1.33) 2.48(0.08) 181.5 0.13 575(75) 3.47
C2 4.71 502(16.0) 31.2(0.99) 1.33(0.04) 107.0 0.45 2366(147) 1.86
C3 6.91 493(15.7) 24.8(0.79) 0.99(0.03) 71.4 0.82 3408(171) 1.39
T1 13.66 655(20.8) 18.5(0.59) 0.74(0.02) 47.9 1.97 8945(252) 1.04

Broken 

reaction 

zones

Thin 

reaction 

zones

Laminar 

flames

Corrugated

flamelets

Wrinkled

flamelets

103  

102  

101 

100

10-1

10-1              100                 101                 102 103               104

𝑢′

𝑢𝑙

Τ𝐼𝐸 𝛿𝐹

Figure 1: Regime diagram of turbulent premixed combustion [45]. Symbols denote turbulent
combustion conditions for C1 (circle), C2 (triangle), C3 (square) and T1 (diamond).

was set to 16 mm in length and resolved within 640 grids, resulting in a grid resolution of

0.025 mm per grid. Those numerical settings provide 14 mesh points in all directions to

resolve stoichiometric hydrogen-air laminar �ame thermal thickness, δth. Additionally, those

numerical settings give kmaxη greater than unity, as shown in Table 1, where kmax is the

largest resolved wavenumber. Thus, assuring resolving the dissipative motion of turbulence

[46].

A high-temperature region was placed at the center of the computational domain to sub-

stitute for spark energy and was only implemented at the start of computations. The region

is a spherical geometry with an outer diameter of 3.0 mm and contained unburned mixture
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with a maximum temperature of 1500 K. The maximum temperature was set throughout the

spherical geometry, from its center to a diameter of 2.0 mm, followed by a linear distribution

to a diameter of 3.0 mm. Klein et al. [20] reported that varying the radius of the initial

�ame kernel can signi�cantly in�uence the mean burning speed. Therefore, previously men-

tioned settings were applied to all investigated conditions. Furthermore, the current settings

of the initial �ame kernel were conditioned to provide the most accurate reproduction of a

spherical laminar �ame with the same thermochemical properties as shown in Section 2.3.

The assessment of the e�ects of the used initial kernel on simulated �ames is presented in the

supplementary material.

Presented cases were performed by parallel computation on ITO computer of Kyushu

University (Fujitsu PRIMERGY CX2550/CX2560 M4). For each case, the wall clock time

was roughly 800 h with 1024 cores.

2.3 Laminar and turbulent �ames properties

Preliminary computation was conducted to obtain the unstretched laminar burning veloc-

ity, ul and �ame thermal thickness, δth. The computation was done for the stoichiometric

condition with the same initial pressure and temperatures as turbulent conditions. The com-

putational domain used for turbulent cases was used in simulating the laminar �ame, and

out�ow boundary conditions were applied to all domain boundaries. Laminar burning ve-

locity, for spherically propagating �ames, was obtained from the evolution of laminar �ame

radius, rf as in Eq. (12).

un =

(
ρb
ρu

)(
drf
dt

)
(12)

The burned gas density, ρb was obtained as the mean density of the volume enclosed by

the �ame front. Similarly, the unburned mixture density, ρu was obtained as the mean density

of the volume outside the �ame front. Here, ρb and ρu are the burned gas density and the

unburned mixture density, respectively, and were evaluated at the adiabatic �ame temperature

Tad (for ρb) and Ti (for ρu). Obtained laminar burning velocity was subjected to �ame stretch

due to �ame front curvature and hydrodynamic strain [47, 48]. Mean �ame stretch rate, α
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was calculated as in Eq. (13).

α =

(
1

Al

)(
dAl
dt

)
=

(
2

rf

)(
drf
dt

)
(13)

Then, the unstretched laminar burning velocity, ul was obtained for a stretch rate of zero

(=1.97 m/s). The unburned and burned Markstein numbers were obtained as Ma ≈ 0.21

and Mab ≈ 0.6, respectively. Details of their evaluation can be found in the supplementary

document. Obtained values of ul andMa were the same as in the reported experimental results

[50]. Therefore, accurately replicating the global consumption rate and �ame stretch. For the

current stoichiometric mixture, the e�ective Lewis number, Leeff (= 1.1) was evaluated as an

average of the individual Lewis numbers of fuel (LeH2) and oxidizer (LeO2) obtained from

Eq.(10) [51].

The turbulent burning velocity, ut of spherically propagating premixed turbulent �ame

was obtained from evolution of mean turbulent �ame radius, rf,t as shown in Eq. (14).

ut =

(
ρb
ρu

)(
drf,t
dt

)
(14)

Similar to experimental approach [52], mean turbulent �ame radius, rf,t was computed from

the sphere of volume equivalent to the burned gas volume. Burned gas volume was de�ned to

be all volume within the turbulent �ame front. The turbulent �ame front has an area of At. It

was de�ned as the three-dimensional surface area of the 1350 K isotherm, which was evaluated

by summing the surface areas of all the parts of the 1350 K isotherm in the computation

cells. The isotherm of 1350 K corresponded to the maximum normalized reaction rate of

fuel, ω̇∗H2
= 1.0, in the computed laminar �ame solution. Here, �*� denotes an appropriate

normalization using maximum, ω̇H2 |max, and minimum, ω̇H2 |min, values of the reaction rate as

in Eq. (15), where ω̇H2 |min= 0. Furthermore, the 1350 K isotherm corresponded to maximum

heat release rate, HRRmax, where HRR is computed as in Eq. (16).

ω̇∗H2
=

ω̇H2 − ω̇H2 |min
ω̇H2 |max−ω̇H2 |min

(15)
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HRR = −
∑
k

(
h0
kω̇k
)

(16)

where h0
k is the enthalpy of formation for species k. For all computed turbulent �ames,

the isotherm of 1350 K corresponded to HRRmax as well as all regions in the �ame having

ω̇H2 |max (ω̇∗H2
= 1.0). Thus, assuring an accurate choice of representation for the �ame front,

as shown in Fig. 2 (also seen in Fig. 4 in Section 3.1). Since presented �ames in this study

are developing-�ames, the range of reaction rate value, ω̇H2 was getting broader as �ames

propagated (indicating an increase in fuel consumption). Thus, the normalized reaction rate,

ω̇∗H2
is de�ned to give a comparative view at each moment of �ame's development. It should

be noted that for turbulent �ames, the pro�le of ω̇∗H2
across local �ame fronts got signi�cantly

in�uenced by turbulence-�ame interactions. Although the isotherm of 1350 K corresponded to

all regions in the �ame having ω̇H2 |max and HRRmax, it also corresponded to regions having

0.5 > ω̇∗H2
> 1.0.

LOW                                                        HIGH

Figure 2: Central 2D slice of case C1 at rf,t = 5 mm, showing temperature, T (left), normalized
reaction rate, ω̇∗H2

(center) and heat release rate,HRR (right). Flame front, identi�ed with
1350 K isotherm, is shown in �bold black line�. Dimension of �gure is 16× 16 mm.

The local curvature, K of the spherical �ames, was obtained at the �ame front isosurface

as K = ∇ · n [53]. Here, K is positive (negative) whenever the isosurface is convex (concave)
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in the direction of the unburned mixture as described by the local �ame normal vector n. The

tangential strain rate of the �ame front, aT was obtained as aT = ∇ · u− nn : ∇u [54].

2.4 Minkowski functionals and shape�nders

To investigate small-scale turbulence-�ame interactions occurring at intense reaction zones of

the �ame front, shape�nders of intense reaction zones' morphology were analyzed using the

Minkowski functionals [55]. Here, the shape�nders of a three-dimensional object of interest

were de�ned with the three characteristic scales of length, L, width,W and thickness, T . The

Minkowski functionals were, previously, used to analyze and identify reaction zone structures

in turbulent MILD combustion, premixed swirl-stabilized �ames as well as premixed planar

turbulent �ames [7, 8, 9]. The Minkowski functionals for each three-dimensional object are

given as in Eqs. (17�20).

V0 = V (17)

V1 =
S
6

(18)

V2 =
1

3π

∫
S

κ1 + κ2

2
dS (19)

V3 =
1

2π

∫
S

(κ1κ2) dS (20)

Here, V is the volume enclosed by the surface, S, with the surface area, S. κ1 and κ2

(κ1 ≥ κ2) are the two principal curvatures of S. Here, V0 and V1 are related to the volume, V

and surface area, S of the enclosed volume, while V2 and V3 are related to the integrated mean

and Gaussian curvatures. Also, V3 is the Euler characteristic, χ, [56] which is the topological

invariant of an object. All Minkowski functionals were computed for each isolated object

constructed by iso-surfaces of reaction rate by using a grid cell counting method [57]. The
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three characteristic scales were then obtained as in Eqs. (21). [58].

L =
3V2

2V3
, W =

2V1

πV2
, T =

V0

2V1
(21)

For a convex body, those characteristics scales have a dimension of length and are �positive

semi-de�nite� quantities even if there is partial concavity in the structure of the object [56].

Furthermore, the three characteristics scales satisfy the inequality L ≥ W ≥ T . Considering

that Minkowski functionals have the �additivity� property [57], which leads to robustness

against multiple sources of error, the same inequality applies for partially concave objects. It

is also possible that an object may have an overall concave surface, leading to negative values

in the principal curvatures and characteristic scales [59]. Similarly to previous investigations

regarding isotropic turbulence and combustion [7, 8, 9, 56], pure concave objects were not

encountered in this study. The three characteristic scales provide representative scales for

an object's spatial extent and do not give the exact dimensions except for spheres [56]. As

indicated in Eq. (21), the Minkowski functionals must be positive to obtain meaningful

characteristic scales. However, the values of V3 can be positive, negative, or zero because it is

related to the genus, G of the object. The genus corresponds to the number of cuts that can

be made along a simple curve on an object without splitting it. In a three-dimensional object,

the genus corresponds to the number of holes within it and is expressed as G = 1 − V3/2.

For every hole in an object, value of G increases by 1. In short, V3 = 2 (G=0) for an object

without holes, for a torus V3=0 (G=1) and for a pretzel V3 = −4 (G=3). Hence, for objects

with G>1, the characteristic scale of length, L represents the length between two holes in

the object. For an object with non-zero genus, the characteristic scale of length, L should be

obtained as in Eq. (22) [60].

L =
3V2

4 (G+ 1)
(22)

It is also possible to obtain the two dimensionless shape�nders' the planarity, P and the

�lamentarity, F from the three characteristic scales as in Eq. (23) [60]. For visual convenience,

the geometry of a group of objects can be represented in a two-dimensional (P, F) space shown
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in Fig. 3.

P =
W − T
W + T

, F =
L −W
L+W

(23)

Values of P and F have a range of (0 - 1) whenever the inequality L ≥ W ≥ T is satis�ed.

When L reaches a substantial value compared to bothW and T , the �lamentarity approaches

unity. Then, the planarity of the object depends on the cross-section given by T andW. When

W � T , the planarity approximates unity and resulting in an in�nitely long ribbon-shaped

object (P,F) ∼ (1, 1). When W ∼ T , the planarity approximates the zero value, resulting in

circular cross-section and an object identi�ed as an in�nitely long tube (P,F) ∼ (0, 1). For

a thin circular sheet, (P,F) ∼ (1, 0) where W � T while L ∼ W. For a perfectly spherical

object, L =W = T , the shape�nders are (P,F) ∼ (0, 0).
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Figure 3: Typical regions for various simple shapes in the P - F , shape�nders, plane [56].

The interest of this study is to investigate the morphology and structure of developing-

�ame and turbulence-�ame interactions occurring at �intense reaction zones� of the �ame

front. Intense reaction zones refer to the regions of the reaction zone's layer, where fuel is

being consumed at a very high rate (having a large value of ω̇∗H2
). In this study, the threshold

of de�ning and extracting the intense reaction zones is ω̇∗H2
=0.9. This value is chosen to

maximize the number of extracted reaction zones as it does not in�uence the results of the

study. As shown in the supplementary document, intense reaction zones were extracted at
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multiple values of ω̇∗H2
. The maximum number of extracted intense reaction zones was available

at ω̇∗H2
=0.9, and the obtained correlations with the turbulence statistics (to be discussed in

Section 3.3) did not vary within multiple values of ω̇∗H2
[8, 9]. Intense reaction zones were

extracted as �ames propagated for mean turbulent �ame radii, rf,t of 2 to 5 mm with an

interval of 0.5 mm. As shown in the supplementary document, the e�ects of initial conditions

diminished within this range. Therefore, �ames are not subjected to strong transient e�ects

due to ignition process. Furthermore, selected threshold was di�erent compared to the study

of Minamoto et al. [9] which is reasoned to the di�erence in the �ame's con�guration. In the

current study, developing-�ames are progressively expanding until they propagated out of the

computational domain. That limited available data to the transition period from the ignition

process until �ames went out of the computational domain's bounds without reaching a �nal

statistical state.

2.5 Turbulence statistics of reaction zones

To investigate the in�uence of turbulence on the morphology of �ame and its reaction zone,

the following averaging/sampling procedure for any chosen quantity q is applied [8, 9]. The

density weighted volume averaged value, [q] within the volume of an extracted object, VΩ is

computed as in Eq. (24).

[q] =

∫
VΩ

ρq (x) dVΩ/

∫
VΩ

ρdVΩ (24)

This procedure corresponds to a top-hat spatial �ltering operation of a quantity q over a skewed

volume, VΩ within the reaction zones of interest. Each sampling volume, VΩ is advected at

its mean velocity [u]. Thus, any quantity [q] is constructed within each extracted reaction

zone. Accordingly, turbulence length and velocity scales were obtained within each sampling

volume, VΩ (local reaction zone) using Eq. (24) as in Eqs. (25�29).

λ∗ =
1

3

3∑
i=1

√[
u′2i
]
/
[
(∂u′i/∂xi)

2
]

(25)

η∗=
(

[ν]3 /[ε]
)1/4

(26)
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ε = 2 [ν (SijSij − SiiSii/3)] (27)

u′i = ui − [ui] , u′
∗

=
([

(ui − [ui])
2
]
/3
)1/2

(28)

uη
∗= ([ν] [ε])1/4 (29)

where the symbol notations are the same as introduced in Section 2.2 and Sij is the turbulent

strain rate tensor. From above, Taylor microscale Reynolds number at intense reaction zones

can be obtained as in Eq. (30).

Re∗λ = [λ∗][u′
∗
]/[ν] (30)

Although VΩ varies across the extracted samples, the averaged value obtained by Eq. (24) is a

representation of a physical quantity q which each extracted reaction zone Ω has been exposed

to. The same applies for the quantities obtained based on [q] in Eqs. (25�30). The �*� is used

to avoid confusing turbulence scales and intensities of intense reaction zones (will be referred

to as �local�) with �global quantities� of the turbulent �eld for each computed case.

3 Results and discussion

3.1 General �ame features

Flames C1, C2, and C3 have propagated until they reached a mean turbulent �ame radius, rf,t

of 5 mm. As for �ame T1, due to large scale turbulent motions, it was pushed from the center

of the domain towards the (−X, +Y ) direction during propagation. Therefore, it is simulated

to a mean turbulent �ame radius, rf,t of 4 mm before going out of computational domain

boundary. In parallel, non-reactive computations were performed to evaluate the decay in the

turbulent kinetic energy of the turbulence �elds for the four cases. The maximum observed

decay in turbulence scales was 30% by comparison to the initial values, which should not

present any qualitative change to the results of the study.
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In Fig. 4, the �ame fronts for current cases represented by 1350 K isotherms and coloured

with YH2 and representative central slices of temperature, T fuel reaction rate, ω̇H2 and heat

release rate, HRR are shown at mean turbulent �ame radius, rf,t of 4 mm. Soon after

ignition, the spherical �ames started to outwardly propagate and quickly developed perturb

surfaces, due to turbulence-�ame interactions, which got more complex as they propagated.

It is, also, clear that �ame front convolution increased as the combustion regime shifted

from the corrugated �amelets regime to the thin reaction zone regime (top to bottom). For

all investigated �ames, ω̇H2 |max and HRRmax occurred at �amelets with highly negative

curvatures. For premixed turbulent hydrocarbon �ames, the largest fuel consumption rate

values are observed at the negatively/positively curved �amelets depending on fuel type and

its quality [17, 61, 62, 63, 64, 65]. As for lean hydrogen �ames, the largest fuel consumption

rate values occur at the positively curved �amelets [25, 66]. Here, despite the focusing of

hydrogen at the positively curved �amelets, the di�erence in the location of intense burning

was due to the relative richness of the stoichiometric hydrogen �ames compared to the typically

investigated lean hydrogen �ame, which is re�ected in both Lewis and Markstein numbers of

the mixture (Leeff > 1, Ma > 0). It is also noticed that for �ame T1, absolute values of

local fuel consumption rate signi�cantly increased compared to the other three cases, which is

related to the rapid change in species concentrations caused by small�scale turbulent motions,

and is in�uencing transport rates ahead of �ame front [27, 67, 68]. Therefore, a�ecting the

molecular di�usivities of fuel, oxidizer, and present radicals in the �ow �eld as the thermo-

di�usive e�ects becomes evident in �ame front formation [69].

To understand the physics and chemistry of stoichiometric hydrogen �ames, Fig. 5 shows

the joint pdfs of fuel consumption rate, heat release rate, tangential strain rate, the local

concentration of H2 and OH, and the local Lewis number of H2 with the �ame front's local

curvature for �ames C1 and T1 and at rf,t of 4 mm. It is clear from the negative correla-

tions that the fuel's most signi�cant consumption rates and heat release rates were occurring

at the, highly strained, negatively curved �amelets of the �ame front [24], which stemmed

from the combination of �ame stretching e�ects (Ma>0) of the spherical �ames with positive

mean curvature [65, 15], and the strong thermo-di�usive e�ects (Leeff > 1, LeH2 � 1) for
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Figure 4: (a) Flame fronts represented by 1350 K isotherms (in violet frames) and coloured
with YH2 and representative central slices of (b) temperature, T (c) fuel reaction rate, ω̇H2

and (d) heat release rate, HRR at mean turbulent �ame radius, rf,t of 4 mm for current cases.
Each property's range is uni�ed for all cases. Dimension of each sub-�gure is 16× 16 mm.
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Figure 5: Joint pdf of (a) fuel consumption rate, (b) heat release rate, (c) local concentration
of H2, (d) tangential strain rate, (e) local Lewis number of H2, (f) local concentration of OH
with �ame front's local curvature of �ames C1 (upper row) and T1 (lower row) at rf,t = 4
mm.
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current stoichiometric hydrogen-air mixtures [66, 69, 70]. Since LeH2 � 1, the focusing of

H2 at the positively curved �amelets occurred faster than the defocusing of heat, resulting in

simultaneous high fuel concentration and high temperature at the positively curved �amelets.

The opposite was occurring at the negatively curved �amelets [24]. However, the burning of

H2 at the �ame front is controlled by the concentrations of the OH radicals based on the

elementary reaction (H2 +OH = H2O+H) in the detailed mechanism. Since YOH was larger

(smaller) at the negatively (positively) curved �amelets, H2 burned at a larger (smaller) rate,

resulting in the observed pro�les for fuel consumption rate and heat release rate. In turn, the

concentration of OH radicals depended on the concentration of H radicals and O2 based on

the elementary reaction (H + O2 = OH + O), where YOH , YH , and YO2 had similar pro�les.

Mentioned observations became possible with the combined utilization of detailed chemistry

and detailed di�usion, which are not available in computations with single-step chemistry

and/or �xed Lewis number strategy for involved species.

Since investigated �ames have a non-unity Lewis number, the Huygen's propagation e�ects

were prominent [71], where as the negatively curved �amelets propagated, their local areas

were destroyed. That is con�rmed by the lack of high negative value of the local curvature at

the �ame front. On the other hand, the positively curved �amelets continually propagated as

they interacted with turbulent eddies, resulting in an increase in the local curvature and the

associated �ame stretch, leading to a sustained and robust propagation [17]. By examining

the three-dimensional topology of the �ame front, as turbulence level increased (larger Ka),

the tendency to have detached �ame structures increased as well, as seen in Fig. 6. This

phenomenon was experimentally observed in [70] for lean hydrogen spherical �ames, where it

was attributed it to the occurrence of local extinction, just after forming a �nger-like structure

that bulges into the unburned mixture due to the di�erence in �ame speed between positively

and negatively curved �amelets and the associated di�erence in �ame stretch. In current

�ames, for negatively curved �amelets which were formed on a thin bulging structure, the

�ame area destruction occurred in the form of local extinction, separating the bulging structure

to become a detached �ame structure. Smaller detached �ame structures were not sustained,

while larger ones, dominantly positively curved and having high fuel concentrations, expanded
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at low speeds while consuming the surrounding unburned mixture, until the main larger body

of the �ame caught up with them.

𝑟𝑓,𝑡 = 2.0𝑚𝑚 𝑟𝑓,𝑡 = 2.5𝑚𝑚 𝑟𝑓,𝑡 = 3.0𝑚𝑚

0.0160.005
𝑌𝐻2[-]

5 mm 5 mm 5 mm

Figure 6: Flame front of �ame T1, within rf,t range of 2.0 - 3.0 mm (upper panels), showing
a detached �ame structure (lower panels) viewed from slanted arrows' direction. Flame fronts
are represented by 1350 K isotherms and coloured by YH2 with a uni�ed scale.

The development of the normalized turbulent �ame front area and normalized turbulent

burning velocity is presented in Fig. 7(a). The area of turbulent �ame fronts, At and turbulent

burning velocities, ut were normalized by the mean turbulent �ame front area and unstretched

laminar burning velocity (ul=1.97 m/s), respectively. Here, the mean turbulent �ame front

area, Al is the surface area of a sphere with the equivalent volume as the burned gas volume

and contained within the turbulent �ame front. In turn, this surface area is the same as the

�ame front area of a laminar �ame with the same burned gas volume (having rf,t = rf ) and is

evaluated as Al = 4πrf,t
2 = 4πrf

2. The turbulent �ame front area's variation with turbulent

burning velocity is shown in Fig. 7(b), while the variation of mean �ame stretch, α with the

burning velocities, un and ut, is shown in Fig. 7(c). Here, mean �ame stretch for turbulent

�ames is obtained using Eq. (13). As turbulence level increased (larger Ka), local small scale

mixing of unburned mixture ahead of the �ame front increased [27], resulting in the sharp
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Figure 7: Time history of (a) ut \ ul (solid lines) and At \ Al (dashed lines), variation in (b)
At \Al against ut \ ul, and variation in (c) α against un and ut.

rise in burning velocities. Despite that, the ratio (ut/ul) was smaller than the ratio (At/Al).

Furthermore, an apparent increase in the deviation from the line [(ut/ul) = (At/Al)] is seen

as the combustion shifted towards the thin reaction zones regime. That is attributed to the

increase in turbulent stretching e�ects with the increase in turbulence intensity [72]. Spherical

�ames have mean positive curvatures, where positively curved �amelets were subjected to

weak tangential strain rates (Fig. 5(d)). The local implication of that was the reduction in
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the burning intensity at the dominant positively-curved �amelets [24], resulted in a decrease

in the overall burning velocity, ut/ul compared to the overall increase in the area, At/Al. The

opposite to that would be observed for spherical �ames with Le � 1 [70], where the intense

burning occurs at the positively curved �amelets, signi�cantly increasing the burning velocity

and collectively increasing the �ame front area by interacting with the turbulent eddies. Then,

the larger �ame front becomes more positively curved than negatively curved, which would

be followed by an intensi�ed burning at the positively curved �amelets, leading to a repeat

in the mentioned cycle, and having (ut/ul) > (At/Al) [24, 15, 73]. Therefore, depending on

the Lewis number, a di�erent balance between the �ame's thermo-di�usive characteristic and

�ame stretch contribution (due to turbulence-�ame interactions and re�ected in the curvature,

strain, and Markstein number) is sustained to propagate the spherical �ame. Also, it appears

that despite having LeH2 � 1, which signi�cantly in�uenced the concentration pro�le of the

fuel, the global behaviour of the �ames was dominantly controlled by Ma and Leeff . That

being said, employing the detailed di�usion, where estimating the molecular di�usivity and

di�usion velocity of involved species was more accurate, revealed the local changes in the

concentrations of involved species across the investigated turbulent cases and their e�ects on

the local chemistry and heat release rate pro�les, which would be focused on in upcoming

works.

3.2 Characteristic scales of intense reaction zones

Figure 8 presents a sample of normalized reaction isosurfaces of computed cases. The grey

isosurface holds the threshold of ω̇∗H2
= 0.5, which can represent the overall reaction zone

shape, while the red isosurface holds the threshold of ω̇∗H2
= 0.9, which represents intense

reaction zones. At mean turbulent �ame radius, rf,t of 4 mm, the total volume of the reaction

layer for the turbulent �ames to the total volume of the reaction layer for the laminar �ame

(at ω̇∗H2
=0.5) is 1.15 times, 1.65 times, 1.71 times, and 2.94 times for �ames C1, C2, C3,

and T1, respectively. Furthermore, compared to the laminar �ame, the volumetric fraction of

intense reaction zones at ω̇∗H2
=0.9 per the overall reaction layer at ω̇∗H2

=0.5 is 0.14% (�ame

C1), 1.66% (�ame C2), 1.71% (�ame C3) and 2.58% (�ame T1). In a way, that can be seen
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as an extension of the boundaries of intense reaction zones of the turbulent �ames, especially

once the strong in�uence of the turbulent �ame stretch is considered.

(a) (b)

(c) (d)

5 mm 5 mm

5 mm5 mm

Figure 8: Instantaneous reaction rate iso-surfaces at rf,t=4 mm, for C1 (a), C2 (b), C3 (c)
and T1 (d). In transparent grey: ω̇∗H2

=0.5. In red: ω̇∗H2
=0.9.

Using the shape�nders, extracted intense reaction zones were analyzed based on the

Minkowski functionals. Extracted intense reaction zones contained, on an average, 500-1000

mesh points. That was deemed su�cient to compute turbulence statistics for each intense

reaction zone and provide a meaningful understanding of initial �ame structure and morphol-

ogy. However, some extracted intense reaction zones had many holes within them which could

compromise statistics calculation within the object depending on the number of holes in the

object and the number of mesh points containing the object. To eliminate any subjectivity in

the present study, objects having G>1 were not used in obtaining statistics of this study. The

distribution of the intense reaction zones in the (P � F) non-dimensional plane is presented

in Fig. 9, while Fig. 10 shows a sample of them and their (P , F) values. While presented

samples do not statistically represent the entire range of intense reaction zones' shape, they

can provide a visual understanding of (P , F) values for di�erent shapes. Intense reaction
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zones for �ame C1 were mostly classi�ed as thick short tubes (Fig. 10(a)), while some had very

small surface area and thin pancake shapes at larger rf,t (Fig. 10(b)). On an average, reaction

zones of �ames C2, C3 and T1 had similar geometrical shapes and were mostly classi�ed as

pancakes with various thicknesses, surface areas, and complexities (Fig. 10(c-g)). A distinct

di�erence for �ame T1 was the frequent formation of reaction zones with complex geometry

at larger rf,t (Fig. 10(h)).
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Figure 9: Shape�nders, P and F , for case C1 (green circle), C2 (blue triangle), C3 (red
diamond) and T1 (orange square).

Table 2 summarize statistics of extracted intense reaction zones, while Fig. 11 provides the

population distribution of the characteristic scales (T , W, and L) and shape�nders (P and

F) of extracted intense reaction zones. As each �ame propagated, the number of extracted

intense reaction zones (extracted objects, N) has increased. For example, for �ame C3, N was

11, 23, 61, 83, 107, 143, and 168 at rf,t of 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 mm, respectively.

As the turbulent combustion regime shifts from the corrugated �amelets towards the thin

reaction zones regime, there was an increase in the total fuel burning rate, which is indicated

here by the broadening of the boundaries of intense reaction zones (larger mean W and L at
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larger Ka) and forming new ones (larger N at larger Ka) at the �ame front.

Table 2: Statistical summary of extracted objects. Showing number of extracted objects, N,
mean P, F , T , W and L of extracted objects with their standard deviation in brackets.

Case N P F T /δth W/δth L/δth
C1 361 0.15(0.13) 0.31(0.15) 0.08(0.018) 0.12(0.06) 0.23(0.10)

C2 419 0.38(0.11) 0.24(0.17) 0.11(0.021) 0.26(0.08) 0.48(0.30)

C3 596 0.36(0.09) 0.28(0.20) 0.11(0.019) 0.24(0.05) 0.51(0.33)

T1 406 0.36(0.10) 0.31(0.20) 0.13(0.024) 0.27(0.07) 0.62(0.40)

As turbulence level increased (larger Ka), intense reaction zones got thicker (also seen

through mean values in Table 2). Depending on local length scales and intensities of mix-

ing processes at the �ame front, broader/faster transport of heat and radical, towards the

unburned mixture occurred, resulting in the observed thickening of local reaction layers. Re-

garding the topology of �ames C2, C3, and T1, it is noticed that the majority of intense

reaction zones had L values that were comparable to W values. Despite that, many intense

reaction zones had signi�cantly large L values that increased its mean. Here, as turbulence

level increased (larger Ka), number of intense reaction zones having a signi�cantly large L

value increased and were becoming more common at a larger mean turbulent �ame radius.

(a) (0.114, 0.240)              (b) (0.396, 0.018)          (c) (0.523, 0.593)                    (d) (0.247, 0.177)

(e) (0.401, 0.704)                (f) (0.135, 0.284)           (g) (0.613, 0.422)                  (h) (0.214, 0.799)

[0.14, 0.17, 0.28] [0.10, 0.24, 0.25] [0.19, 0.61, 2.40] [0.28, 0.46, 0.65]

[0.14, 0.33, 1.92] [0.18, 0.24, 0.43] [0.14, 0.58, 1.42] [0.18, 0.28, 2.50]

Figure 10: Samples of extracted reaction zones and their (P , F) and [T /δth , W/δth , L/δth]
values for C1(a-b), C2 (c-d), C3 (e-f) and T1 (g-h).
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Those �long� intense reaction zones resulted from strong turbulent motions and were highly

strained (Fig. 5(d)). As for �ame C1, most of its intense reaction zones had minimal W

and L values, which is also clear through the means in Table 2. That helps to clarify the

small volumetric fraction of intense reaction zones per overall reaction zones for case C1. The

distribution and the mean of the three characteristic scales did not change for each investi-

gated �ame as it propagated (see the top of the bell for the distributions). That indicates the

consistency in the geometry of local �ame structures formed due to turbulence-�ame inter-

actions for each �ame (at least within early stages of �ame development). While the means

remained unchanged, the increase in their distributions' skewness towards more signi�cant

values at larger �ame sizes was due to the most substantial small-scale turbulent motions at

each particular �ame size, indicating to the possibility of shifting the distributions at later

stages of �ame development.

By considering Eq. (23), the planarity, P shape�nder gives a relative understanding to the

changes between the thickness of intense reaction zones (here T ) and their topology (hereW).

The �lamentarity, on the other hand, holds information related to the topology/complexity of

the local �ame front as its value depends on the changes between the length, L and the width,

W of intense reaction zone. The distribution of P was closely following the distribution ofW.

As �ames C2, C3, and T1 propagated, the increments of W were larger than the increments

of T , which indicates that the rate of increasing the surface area of local �ame structures,

due to stretching e�ects, was larger than the rate of thickening of those structures, leading to

producing local �ame structures with larger values of P over a wide range of thicknesses. As

for their topology, intense reaction zones with smaller F value (comparable length and width)

were dominant. However, many intense reaction zones had larger F due to the substantial

increase in their L, due to stretching e�ects, especially at larger Ka. As for �ame C1, as it

propagated, the dominant small values of P show that the local �ame structures got thickened

and stretched by a similar rate, while the di�erent distribution of F was due to the wide gap

between W and L. It should be noted that larger F does not necessarily mean more surface

area or higher �ame front coverage. For �ame C1, the small values of W and the absence of

intense reaction zones with substantially larger L, compared to the other three �ames, led to
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the observed distinct distribution.

The geometry of intense reaction zones of spherical �ames have some key di�erences com-

pared to planar �ames, which are related to (i) their sizes/volumes, (ii) their thicknesses,

and (iii) their topologies. On average, the sizes of intense reaction zones for planar �ames

in [9] were 2-5 times larger than those for the spherical �ames. That implies that the char-

acteristic scales (geometrical extensions) of intense reaction zones for the planar �ames were

larger than those for the spherical �ames, which is reasonable considering that planar �ames

are well-developed while spherical �ames are still evolving. The development of local �ame

thickness of spherical �ames is controlled by turbulent strain rates, while for planar �ames it

is controlled by self-propagation and dilatation [74], which implies that spherical �ames got

thicker as they evolved through turbulence-�ames interactions (values of T are getting larger),

while planar �ames could reach a statistically stationary state in terms of its brush thickness

(large values of T were achieved at steady state condition). Therefore, the gap between W

and T for planar �ame was small leading to a smaller mean of P [9], while the opposite would

be occurring in spherical �ames. While the surface area of intense reaction zones for spherical

�ames was very small (due to small �ame size), its counterpart in the planar �ame was much

larger.That would increase the probability of having larger values of F for the planar �ames

while they were less encountered in the spherical �ames. That being said, once spherical

�ames reach a later stage of their development, the topologies of intense reaction zones would

be closer in resemblance to those of the planar �ames. As for comparing the geometry of

intense reaction zones with structures of decaying homogeneous isotropic turbulence, Leung

et al. [56] have analysed enstrophy and dissipation structures and con�rmed, through the

Minkowski functionals and shape�nders, the development of their tubular shapes.

3.3 Local turbulence properties of intense reaction zones

In order to discuss the correlations between local turbulence properties and intense reaction

zones, it is essential to clarify the relationship between the shape�nders and both of �ame

structure and morphology. Since planarity is the non-dimensional quantity to represent T , it

portrays the thickness of a three-dimensional object (reaction zone). Thus, it is correlated to
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the structure of the �ame. On the other hand, the �lamentarity is the non-dimensional quan-

tity that describes the comparison between W and L of a three-dimensional object. Conse-

quently, it characterizes surface/topology information. Hence, �lamentarity is correlated with

the �ame's morphology. To �nd out which turbulence properties in�uenced �ame morphology

and structure under present conditions, the conditional averages of local Taylor microscale, λ∗

and local turbulence intensity, u′∗ conditioned with respect to P and F are shown in Fig. 12,

while the conditional averages 〈λ∗|T 〉, 〈λ∗|W〉, 〈λ∗|L〉,
〈
u′∗
∣∣T 〉, 〈u′∗∣∣W〉, 〈u′∗∣∣L〉, 〈Re∗λ|T 〉,

〈Re∗λ|W〉, and 〈Re∗λ|L〉 are shown in Fig. 13. Furthermore, the conditional averages of local

Kolmogorov length, η∗ and local Kolmogorov velocity, uη∗ scales conditioned with respect to

P and F are shown in Fig. 14.
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The conditional averages, 〈λ∗|P〉,
〈
u′∗
∣∣P〉, 〈λ∗|F〉, and 〈u′∗∣∣F〉, suggest that an eddy

with larger λ∗ yield �thinner and broader� reaction zones (having larger W and signi�cantly

smaller T ) as well as more ��ame front coverage� (as L gets very large compared to the

already large W), conditioned to larger u′∗ intensities. That indicates to the potency of the

induced �ame stretch as the Taylor microscale is the strain rate length scale, which is also

clear in Fig. 13 through the increasing gap between L and W at larger λ∗. That indicates

the potency of the induced �ame stretch on the reaction zones, especially while considering
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the increasing gap between L and W at larger λ∗ in Fig. 13. The induced �ame stretch

on intense reaction zones resulted from the combination of propagation under high negative

curvature and straining e�ects characterized with λ∗ and u′∗ which vary over a wide range

across the reaction zones. The physical interpretation of the Taylor microscale in this context is

based on its de�nition as the velocity gradient of the �ow, which justi�es using it as a length

scale for �ow straining and turbulent stretching [72]. As for �ame C1, although turbulent

motions can be comparable in their λ∗ sizes to the other �ames, the local intensities of u′∗

associating those motions were very weak. Hence, those turbulent motions lightly strained

the �ame front (Fig. 5-d), which did not strongly in�uence the �ame front morphology, and

accordingly, they are weakly correlated with P and F . which would also explain That also
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explains the hardly wrinkled �ame front of �ame C1 as well as its relatively slow propagation

rate. Therefore, with su�ciently large turbulence intensities, turbulent motions with length

scales of Taylor microscale in�uenced �ame morphology directly. At the same time, they

modi�ed the local �ame structure through thickening and preheat zone structure through

broader/faster scalar transport operations normal to the �ame front of developing-�ame, which

would indirectly in�uence the �ame's morphology. Here, it is important to keep in mind the

physical interpretation of the Taylor microscale based on its de�nition as the velocity gradient

of the �ow, which justi�es using it as a length scale for �ow straining and turbulent stretching

[72].

Minamoto et al. [9] have investigated several planar �ames, and directly correlated the

topology of local reaction zones with turbulent �uctuations having a length scale larger than

the Taylor microscale size. On the other hand, they found a weak correlation between Tay-

lor microscale size's turbulent motions and the development of the �ame's structure, which

contrasts with the current study's �ndings. Since the con�guration of planar �ames allow

for a long �ame evolution time where they can reach their fully-developed state [75], the

�ame structure is controlled by self-propagation of the wrinkled �ame front and by dilatation,

while the strain rate e�ect on their mean �ame structure is insigni�cant as it got counterbal-

anced by the curvature contributions [74]. However, current �ames were spherically expanding

�ames with a developing-�ame front and their structure and burning velocities could be sig-

ni�cantly a�ected by �ame stretch [74, 14], as seen in the stronger correlations in 〈λ∗|P〉,〈
u′∗
∣∣P〉, 〈λ∗|T 〉, and 〈u′∗∣∣T 〉. Furthermore, considered �ames were positively �curved �ames�

in general, even if there were �locally� compressed parts in the �ames (negative curvature).

Therefore, combined instantaneous in�uences of curvature and strain rates would signi�cantly

contribute to �ame structure development. As for the evolution of �ame front morphology,

for planar, spherical, and swirl �ames, turbulent eddies of Taylor microscale sizes and larger

would have a substantial contribution to the development of their �ame front morphology

through the exerted strain rates [8, 9].

The conditional averages 〈Re∗λ|T 〉, 〈Re∗λ|W〉, and 〈Re∗λ|L〉 give a unique insight towards

turbulence statistics at the �ame front, as they show the dissidence between global ones
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representing the turbulence of investigated cases and local ones representing the interactions

at �ame front. The obvious reason for the huge drop in Re∗λ compared to Reλ can be attributed

to turbulence decay leading to lower values of u′∗ at the �ame front. However, that did not

explain the observed tendencies in 〈λ∗|T 〉, 〈λ∗|W〉, and 〈λ∗|L〉 as the mean and deviations

of λ∗ at each value of the characteristic scales were within a close range despite the many

di�erences in turbulence length and velocity scales within the computed cases. Although

λ had a wide range across the computed conditions, the variation in λ∗ was limited and

correlated with dependant on the local geometrical scales of the �ame front. As seen in Fig.

11, the probability of having intense reaction zones with larger geometrical length scales was

higher at larger �ame sizes (larger W and L at larger rf,t). Therefore, it is reasonable to

induce that λ∗ here is (i) a length scale representing turbulence-�ame interactions at which

e�ective wrinkling or local straining/stretching of the �ame front occurred, (ii) is dependant

on the size of the developing �ame (rf,t), and (iii) is irrespective of eddies with larger/smaller

length scales in the �ow �eld. However, as seen in
〈
u′∗
∣∣T 〉, 〈u′∗∣∣W〉, and 〈u′∗∣∣L〉, the e�ective

wrinkling speed was controlled by u′∗, where its variation induced straining on the �ame fronts

and resulted in the many di�erent topologies across the �ames. As for planar �ames, since

they don't have a mean radius, the e�ective wrinkling length scale for each �ame might be

dependant on the �ame brush thickness as seen in the conditional averages 〈λ|P〉 in [9], where

the investigated planar �ames had di�erent means and deviations in their local λ.

The conditional averages in Fig. 14 show that turbulent motions with local Kolmogorov

length, η∗ and velocity, uη∗ scales do not correlate with both P and F . Consequently, there

is no apparent correlation between Kolmogorov scales and both of �ame structure and mor-

phology under current turbulent conditions. On the other hand, the gradual decrease in η∗

sizes as the turbulence condition shift to the thin reaction zones regime is evident. Although

turbulent motions of η∗ sizes did not directly contribute to �ames' structure and morphology.

They may have a contribution to the local �ame structure propagation along their vortex

tube's axial directions [69]. That can be inferred as (uη
∗/ul) substantially increased with the

increase in Ka.

34



4 Conclusions

In this study, three-dimensional direct numerical simulations of spherically propagating pre-

mixed turbulent stoichiometric hydrogen-air �ames were carried out with detailed chemistry

and detailed di�usion to clarify the in�uence of turbulence-�ame interactions with respect to

�ame structure and morphology. This con�guration allowed the investigation of developing-

�ames, which are essential for practical applications. Four cases were computed within the

corrugated �amelets and the thin reaction zone regimes. Intense reaction zones of computed

cases were quanti�ed, at multiple �ame radii, using a mathematical tool based on topological

invariants called the shape�nders.

For current stoichiometric hydrogen-air �ames, the most signi�cant fuel consumption rate

and heat release rate were observed at the highly strained �amelets with negative curvatures.

However, the bulk of the fuel was consumed within the positively curved �amelets. Compared

to the typically investigated lean hydrogen �ame [25, 66], the di�erence in the location of

intense burning was due to the relative richness of the stoichiometric hydrogen �ames compared

to leaner �ames which is re�ected in the Lewis number [24]. Despite thatH2 was focused at the

positively curved �amelets, the OH radicals were especially focused at the negatively curved

�amelets, where they controlled the combustion process through the elementary reaction (H2+

OH = H2O + H). Therefore, explaining the occurrence of intense reaction zones at the

negatively curved �amelets. For all cases (ut/ul) < (At/Al), which was due to the reduction

in the local burning intensity at the positively curved �amelets as they were subjected to weak

tangential strain rates.

The shape�nders showed that intense reaction zones had various shapes, including �tubes�,

�pancakes� and more complex shapes with larger �lamentarity, F . The geometry of intense

reaction zones was provided through statistical analysis of the three characteristic scales:

thickness, T , width, W, and length, L. As the turbulence level increased, the number of

extracted intense reaction zones increased, indicating the increase in the total fuel burning

rate, which was due to the broadening of the boundaries of intense reaction zones and forming

new ones. As turbulence level increased, thicker, broader, and longer local �ame structures
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were formed at the �ame front, and the rates of increasing their surface area (due to straining)

was larger compared to their rates of thickening (due to mixing processes). While the mean of

the characteristic scales remained unchanged for each �ame as it propagated, larger values were

obtained at larger �ame sizes (especially for L) due to strong small-scale turbulent motions.

Furthermore, the di�erence in geometry/shapes of intense reaction zones between planar and

spherical �ames was identi�ed in relation to size/volume, local thickness, and local topology,

and reasoned based on the di�erences between the two con�gurations.

To examine the in�uence of turbulence-�ame interactions at Taylor microscale sizes, the

conditional averages of Taylor microscale, conditioned upon the three characteristic scales T ,

W, and L, as well as the two non-dimensional shape�nders planarity, P and �lamentarity,

F were considered. The conditional averages showed that as turbulent velocity �uctuations

and Taylor microscale increased, local �ame structures with thinner, broader, and more area

coverage were formed at the �ame front. Therefore, emphasising on the role of turbulent

stretching, especially while considering the increasing gap in value betweenW and L at larger

λ∗. Through a comparison, the e�ect of small-scale turbulence-�ame interactions on the

surface morphology of developing- and well-developed �ames was similar [8, 9]. However,

the e�ect of those interactions concerning the development of the reaction layer and �ame

thickness was di�erent, as it was prominent, only, in the case of the developing-�ame fronts.

The results highlighted the importance of turbulent combustion modelling scaled with the

small-scale turbulence such as Taylor microscale [72, 76, 77], especially concerning application

dealing with developing-�ame fronts.

A dissidence was identi�ed between global turbulence statistics and local ones representing

the interactions at the �ame front. Although turbulence decay held a major role in having

lower intensities at the �ame front, it would not explain the pro�le of the local turbulence

length scales. Despite the wide range of Taylor microscale across the investigated cases, the

variations of local Taylor microscale with the characteristic scales were within the same range,

which was reasoned to the �ames having the same size. Thus, small-scale local turbulence-

�ame interactions occurred at a speci�c Taylor microscales depending on �ame size, where

e�ective wrinkling of the �ame front occurred, irrelevant of other eddies with larger/smaller
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length scales, while the variations in wrinkling/straining were controlled by the local velocity

�uctuations.

This study was limited to the investigations of �ames with small sizes. Therefore, there was

no visible change in the value of Taylor microscale at the �ame front as the �ames propagated.

In order to overcome that and to evaluate the evolution of such e�ective length scale, spherical

�ames at later stages of �ame development should be investigated, which will be the focus

of upcoming studies. That being said, the uniqueness of this study remains in con�rming a

viable methodology to evaluate the temporal evolution of turbulence statistics at the �ame

front, which proved to be important in describing the local turbulence-�ame interactions.

Current results can be employed in developing a model that depicts the essential length scales

needed to capture local �ame shape/topology with speci�c �lter sizes in the combustion model.

Furthermore, they can be used to evaluate the combustion's characteristics, including the e�ect

of the sub-grid scale of turbulent �ame morphology, by using only the �ltered (conditioned)

values in the grid scale [9].
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