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Abstract: A technique alternative to the direct numerical simulation of turbulent combustion of gas
mixtures is proposed. It is based on the solution of the three-dimensional transport equations for
species concentrations and the energy conservation equation in the “synthetic” field of constant-
pressure homogeneous, isotropic and statistically stationary (forced) turbulence using the detailed
reaction mechanism. The synthetic turbulence with given spatial and temporal correlation functions
is generated using the Monte Carlo method, assuming that the components of the vector of fluctuation
velocity obey the normal Gaussian distribution. The technique is applied to the problem of turbulent
combustion of fuel-lean and stoichiometric mixtures of hydrogen and methane with air at a turbulence
intensity up to 10 m/s. The calculated turbulent flame propagation velocities agree satisfactorily
with the values measured in the fan-stirred bomb. The predicted volume fractions of active reaction
centers H, O, and OH in a turbulent flame are shown to be less than in a laminar flame up to an
order of magnitude, which also agrees with the experiment. In general, calculations indicate that
the “wrinkled flame” model is applicable to fuel-lean and stoichiometric mixtures of hydrogen and
methane with air at turbulence intensities up to 10 m/s

Keywords: direct numerical simulation; synthetic turbulence; turbulent combustion; detailed kinetic
mechanism; hydrogen; methane

1. Introduction

The nonempirical theoretical description of turbulent flames based on direct numerical
simulation (DNS) was probably first proposed in [1] for incompressible, isotropic, and
homogeneous turbulence, and implemented in [2] to the incompressible homogeneous
reacting turbulent flow with irreversible, second-order, isothermal chemical reaction of two
initially unmixed gases. Further steps in the development of the DNS concept with respect
to turbulent combustion can be found elsewhere (see, e.g., [3–8] and recent reviews [9–11]).
As of today, DNS includes all important features of a three-dimensional (3D) turbulent
reacting flow with a complete spectrum of velocity fluctuations, a set of relevant chemical
species with their individual molecular transport and thermochemical properties, as well
as with adequate boundary conditions. The flow equations are integrated numerically on
computational grids resolving turbulent eddies of the Kolmogorov scale, using high-order
approximation schemes. In many relevant publications, the initial energy spectrum of
turbulent velocity fluctuations is approximated by Gaussian or quasi-normal probability
distributions. Despite the presence of kinetic energy transfer (cascade) from large to small
spatial scales of turbulence leading to the non-Gaussian nature of the turbulent velocity
field, the deviations from the Gaussian distribution for isotropic turbulence are shown to
be insignificant [12].

Eng 2023, 4, 748–760. https://doi.org/10.3390/eng4010045 https://www.mdpi.com/journal/eng

https://doi.org/10.3390/eng4010045
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/eng
https://www.mdpi.com
https://orcid.org/0000-0002-5555-1876
https://doi.org/10.3390/eng4010045
https://www.mdpi.com/journal/eng
https://www.mdpi.com/article/10.3390/eng4010045?type=check_update&version=1


Eng 2023, 4 749

In reference [13], using the example with a two-dimensional (2D) turbulent flame prop-
agation in a mixture of hydrogen with air, a simplified nonempirical approach alternative to
DNS was proposed. Instead of the numerical solution of all governing equations for turbulent
flame propagation in a reacting gas, only the transport equations for species concentrations and
the energy conservation equation in the “synthetic” field of constant-pressure homogeneous,
isotropic, and statistically stationary (forced) turbulence were solved. The synthetic turbulence
with given spatial and temporal correlation functions was generated using the Monte Carlo
method assuming that the components of the fluctuation velocity vector satisfied the normal
Gaussian distribution both initially and during the entire process of turbulent flame propaga-
tion. The latter implied that there was a continuous generation of turbulence in the flow, for
example, with the help of fans in fan-stirred bombs [14,15] or upstream turbulence-generating
grids [16]. It was also assumed that flame propagation did not affect the characteristics of
turbulence in the pre-flame zone. Despite the existence of several other available approaches to
produce homogeneous and isotropic synthetic turbulence [17,18], the approach of [13] appeared
fruitful for homogeneous, isotropic, and statistically stationary (forced) turbulence and was
further developed in [19,20]. Contrary to [13], where hydrogen combustion was modeled using
an overall single-stage chemical reaction, in [19,20] a multistage detailed reaction mechanism
(DRM) of hydrogen oxidation with the participation of active radicals was used. In [19], only a
combustible mixture of a specific composition was considered, whereas in [20], the technique
of [19] was modified to study the propagation of a 2D flame in hydrogen–air mixtures of differ-
ent compositions at different initial pressures. Both in [19] and [20], a satisfactory agreement
between experimental data [14] and the calculation results was reported. However, to compare
the results of 2D calculations with the realistic 3D experiment, it was required to scale the
calculated value of the root-mean-square (RMS) velocity fluctuation [19,20].

The objective of this work is to advance from modeling turbulent combustion in a 2D
approximation [19,20] to a physically adequate 3D problem, which will allow direct com-
parison of calculations and experiments without scaling the RMS velocity fluctuation. The
availability of such a 3D-validated approach for nonempirical calculation of the turbulent
burning velocity in premixed gases is very attractive for multiple engineering applications,
such as piston and gas turbine engines, as well as various industrial burners. For example,
such an approach could be used for creating extensive look-up tables of turbulent burning
velocities for different fuels at different thermodynamic and turbulence conditions for the
flame tracking—particle (FTP) method [21]. The look-up tables for the turbulent burning
velocity could replace the multiple empirical correlations (see, e.g., [22–25] used in engi-
neering calculations. Thus, we propose and validate a nonempirical technique alternative
to the standard DNS of turbulent flame propagation in reacting gas mixtures, which is a
distinctive and novel feature of the present work.

2. Materials and Methods
2.1. Mathematical Statement of the Problem

In a general form, the problem statement was formulated in [20], but we repeat it
partially herein. The equations governing turbulent flame propagation are the Navier–
Stokes equations supplemented by the continuity equations for chemical species, and the
energy conservation equation [26]:

∂ρ
∂t +∇·(ρv) = 0;

ρ ∂v
∂t + ρv·∇v· = −∇·p + ρ ∑N

i=1 Yifi;

ρ ∂Yi
∂t + ρv·∇Yi· = ωi −∇·(ρYiVi), i = 1, . . . , N;

ρ ∂e
∂t + ρv·∇e· = −∇·q− P : (∇·v) + ρ ∑N

i=1 Yifi·Vi;

p = ρR0T ∑N
i=1

Yi
µi

;

e =
N
∑

i=1
hiYi −

p
ρ ;

hi = h0
i +

∫ T
T0

cp,idT, i = 1, . . . , N

(1)
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where t is time; v is the velocity vector; ρ is the density; p is the pressure; P is the tensor of
pressure force; fi is the gravity vector acting on the ith substance; Yi, Vi, hi and ωi are mass
fraction, vector of diffusion velocity, enthalpy, and rate of chemical depletion/production
of the ith species; N is the number of species in the reacting gas; e is the internal energy; q is
the vector of molecular heat flux; h0

i is the standard enthalpy of formation of the ith species;
µi is the molecular mass of the ith species; R0 is the universal gas constant; cp,i is the specific
heat of the ith species at constant pressure; T is the temperature; and index 0 denotes the
initial conditions.

The system (1) is further supplemented with the DRM of fuel oxidation, thermochem-
ical data of each substance (h0

i , cp,i) and relations for fi, q, P, Vi and ωi, as well as the
boundary and initial conditions. The solution of the problem provides the structure of the
turbulent flame in a reacting gas and the stationary turbulent burning velocity ut.

The solution of the problem is simplified by adopting the following assumptions:

(i) the flow domain is simple; turbulence is homogeneous, isotropic, and statistically
stationary (forced);

(ii) the effect of gravity is negligible, and the pressure is constant (p = p0). These
assumptions greatly simplify the problem as the solution of the momentum equation
is not required;

(iii) radiative heat transfer is negligible, and heat flux q is due to solely the molecular
thermal conductivity;

(iv) thermal diffusivity is negligible;
(v) Fick’s law with a binary diffusion coefficient is applicable to the diffusion fluxes.

These assumptions together with the considerations described in [13,19,20] allow the
reduction of Equation (1) to the form:

ρ ∂e
∂t = ∇·(λ∇T)− ρ0cvv′0·∇T;

ρ ∂Yi
∂t = ωi +∇·(Diρ∇Yi)− ρ0v′0·∇Yi, i = 1, . . . , N

(2)

where cv is the specific heat capacity at constant volume; λ is the coefficient of molecular thermal
conductivity; v′0 = (u′0, v′0, w′0) is the vector of velocity fluctuation in the fresh mixture; and Di
is the diffusion coefficient of the ith species. Thus, as in [13,19,20], instead of solving a complex
system (1) numerically, it is proposed to solve a simplified system (2). Contrary to system (1),
system (2) consists only of the transport equations for scalars—energy and mass fractions of N
species—on the preset field of turbulence with certain RMS velocity fluctuations v’ and with
given integral temporal and spatial scales. In the 3D coordinate system (x, y, z), Equation (2)
together with the ideal-gas equations of state will take the following expanded form:

ρcp
∂T
∂t =

N
∑

i=1
hiωi +

(
∂

∂x λ ∂T
∂x + ∂

∂y λ ∂T
∂y + ∂

∂z λ ∂T
∂z

)
− ρ0cp

(
u′0

∂T
∂x + v′0

∂T
∂y + w′0

∂T
∂z

)
ρ ∂Yi

∂t = ωi +
(

∂
∂x Diρ

∂Yi
∂x + ∂

∂y Diρ
∂Yi
∂y + ∂

∂z Diρ
∂Yi
∂z

)
− ρ0

(
u′0

∂Yi
∂x + v′0

∂Yi
∂y + w′0

∂Yi
∂z

)
, i = 1, . . . N

p0 = ρR0T
N
∑

i=1

Yi
µi

(3)

The system of Equation (3) includes N + 2 equations for N + 2 variables (N species
mass fractions Yi, density ρ, and temperature T). To close the system, the following relations
are used:

cp = ∑N
i=1 cp,iYi;

cp,i =
R0

µi

(
a1 + a2T + a3T2 + a4T3 + a5T4)

λ = λ
(
T, Y1, . . . , YN , µ1, . . . , µN , cp,1, . . . , cp,N

)
Di = Di(T, p, µi, µin)
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where a1, a2, a3, a4 and a5 are the coefficients and index in denotes nitrogen. The rates of
chemical reactions are determined using the relationship [26]:

ωi = µi

M

∑
k=1

(
v−i,k − v+i,k

)
AkTαk e−(Ek/(R0T))

N

∏
j=1

( Xj p
R0T

)v+i,k
, i = 1, . . . , N

where Ak is the pre-exponential factor of the kth reaction; v+i,k and v−i,k are the stoichiometric
coefficients; αk is the temperature exponent; Ek is the activation energy; Xj is the mole
fraction of the jth species; M is the total number of chemical reactions.

Equation (3) includes the parameters of homogeneous, isotropic, and statistically station-
ary (forced) turbulence: three components of the fluctuation velocity vector v′0 = (u′0, v′0, w′0).
Synthetic turbulence is generated using the approach suggested in [13,19,20]. In this approach,
the components of the fluctuation velocity vector u′0, v′0, and w′0 are obtained by the Monte
Carlo method, assuming that they obey the normal Gaussian distribution, ϕ, and the tur-
bulence structure is characterized by exponentially decaying spatial, R′, and temporal‚ R,
correlation functions. From now on, for the sake of simplicity, we omit zeros in the com-
ponents of the fluctuation velocity vector v′0 = (u′0, v′0, w′0) and denote the x-component of
the vector and its RMS as u′ and u, respectively. The distribution function of u′ is given by
the relationship

ϕ
(
u′
)
=

1√
2πσ

exp

[
− (u′ − u)2

2σ2

]
(4)

where σ is the RMS deviation of velocity fluctuations. This relationship is also applied to y-
and z-components of the fluctuation velocity vector, v′ and v, and w′ and w, respectively.
The spatial and temporal correlation functions are taken in the form:

R′ = exp
(
− rk

L

)
; R = exp

(
− t

τ

)
where rk is the distance in physical space; L is the turbulence scale in the x, y, and z
directions, respectively; τ is the Lagrange time scale. In accordance with the assumption (i),
the scales τ and L are taken constant in time and space. The RMS length of the fluctuation
velocity vector u (turbulence intensity) is determined as

u =
√

u′2 + v′2 + w′2

It is worth emphasizing that the specification of turbulence intensity u and spatial
turbulence scale L is equivalent to the specification of the turbulent energy dissipation
ε ∼ u3/L and the Kolmogorov scale l0 ∼ a3/4ε−1/4, where a = λ/

(
ρcp
)
. Increasing the

turbulence intensity u leads to a decrease in the integral scales τ and L (e.g., [27]). This
effect must be taken into account when modeling synthetic turbulence. Unfortunately, in
the literature, there are no generalized dependences such as

L = f (u) (5)

However, such dependences can be obtained by comparing the calculated and measured
velocities of turbulent flame in a given reacting mixture and extended to other mixtures of the
same combustible gas and, possibly, to mixtures of other combustible gases. The initial and
boundary conditions for Equation (3) are considered below for a simple geometry.

2.2. Numerical Method

The flow geometry is simply a rectangular box whose bottom and top faces are flat
squares. Initially, at t = t0 = 0, the computational domain contains two layers which are
separated by a surface parallel to the box bottom and located at some distance from it. The
near-bottom layer is composed of combustion products, whereas the top layer is composed



Eng 2023, 4 752

of fresh reactive mixture. The bottom and top faces of the box are situated far enough away
from the separating surface to ensure that the pressure in the system remains constant
throughout the calculation. The lateral faces of the box are impermeable walls with flow
slip. The flame propagates from bottom to top. Figure 1 shows an example of the 3D flame
surface deformed (wrinkled) by velocity fluctuations.
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Figure 1. The calculated instantaneous surface of the propagating flame in a mixture of hydrogen
with air with 9.09%vol. H2 at NPT conditions (T0 = 293 K, p = 0.1 MPa); u = 242 cm/s, L′ = 1 cm,
τ = 0.01 s; red and blue colors correspond to the upper and lower surfaces of the flame, respectively.

Figure 2 shows the (x, y) plane section of the flow in the chosen coordinate system
(x, y, z) for a certain value of z. The dashed line shows the flame position at t = t0 = 0. At
t = ti > 0 , the cut of the true flame surface in the (x, y) plane is shown by a solid curve,
and the instantaneous flame position is conditionally represented by another dashed line
parallel to the box bottom. Above this line, there is only a fresh mixture, whereas below
this line there is only the reaction products. Note that this line is a conditional flame front
as the flame itself possesses the finite-thickness reaction zone. To determine the flame
propagation velocity, it is assumed that the fresh mixture conditionally occupies a space
with a temperature T < Tm, whereas the reaction products conditionally occupy a space
with a temperature T > Tm. The value of Tm is taken as the arithmetic mean between T0
and Te (the thermodynamic equilibrium combustion temperature):

Tm = (T0 + Te)/2
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Figure 2. Plane section of the computational domain.
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The problem of flame propagation in the field of synthetic turbulence was solved numeri-
cally using the method of alternating directions [28]. Equation (3) was discretized on a uniform
computational mesh using an implicit difference scheme constructed based on the method
of additive decomposition [29]. This scheme is first-order accurate in time and space and is
absolutely stable. The nonlinear source terms were linearized on the upper time layer. The
computational domain had a size of 1 cm× 0.5 cm× 1 cm in the x–y–z directions. Computa-
tional cells had a size of 0.01 cm × 0.01 cm× 0.01 cm or 0.005 cm × 0.005 cm× 0.005 cm. The
number of computational cells was either 500,000 or 4,000,000 respectively. Grid sensitivity tests
showed that doubling of the number of cells along all three directions while maintaining the
dimensions of the computational domain virtually did not affect the value of the turbulent flame
propagation velocity. The time step was variable and depended on the number of iterations, but
was less than 1 µs. The convergence criterion was 10−3.

The fluctuating velocity fields u′(x, y, z, t), v′(x, y, z, t), and w′(x, y, z, t) for given
turbulence characteristics u, L, and τ were modeled using the procedure described in detail
in [20] for the 2D statement of the problem. Extending this procedure from 2D to 3D problem
formulation is straightforward. It is worth noting that this procedure does not require the
specification of the turbulence spectrum: it appears implicitly in the correlation functions.

The initial conditions used in the calculations are:

t = t0 = 0 y > y(t = t0) : Yj = Yj0, T = T0; y < y(t = t0) : Yj = Yje, T = Te;

The boundary conditions used in the calculations are:

x = 0 : ∂T
∂x = 0,

∂ Yj
∂x = 0; x = Lx : ∂T

∂x = 0,
∂ Yj
∂x = 0;

y = 0 : ∂T
∂y = 0,

∂ Yj
∂y = 0; y = Ly : ∂T

∂y = 0,
∂ Yj
∂y = 0;

z = 0 : ∂T
∂z = 0,

∂ Yj
∂z = 0; z = Lz : ∂T

∂z = 0,
∂ Yj
∂z = 0;

3. Results and Discussion
3.1. Results of Calculations for Hydrogen-Air Mixtures and Discussion

Consider, as in [20], flame propagation in hydrogen–air mixtures. For this purpose, a
block of reactions of hydrogen oxidation from the DRM of combustion of normal hydro-
carbons [30] is used. The values of coefficients a1, a2, a3, a4 and a5 for all species are taken
from [31]. The coefficients λ and Di are calculated according to [32].

To compare the calculated and measured turbulent burning velocities ut for the mixtures
of different compositions depending on the turbulence intensity u, the experimental data
of [14] are used. The maximum time for calculating the flame was 1 ms, i.e., it was less than
the integral time scale τ. Therefore, the solutions can be treated as individual realizations of
the flame front position. Both large- and small-scale spatial inhomogeneities are observed
on the flame front surface (see Figure 1). Flame surface elements with linear dimensions
both larger and smaller than the flame thickness can be identified. Large-scale turbulence
affects the flame shape leading to the increase in its surface area. Small-scale turbulence affects
(increases) the rate of mass and energy transfer processes inside the flame.

Figure 3 is an example of the calculated time history of the distance traveled by the
flame for the mixture of hydrogen with air with 17.36%vol. H2 at u = 675 cm/s, L = 1 cm,
and τ = 10 ms. The calculated flame velocity is seen to be almost constant in time despite a
relatively short calculation time (t < τ). From the position of the flame front, one can readily
determine the apparent velocity of flame propagation U. Taking into account the thermal
expansion of the reaction products, the turbulent burning velocity ut can be determined from
the relationship:

ut = U
T0

Te

m0

me

where m0 and me are the mole numbers in the initial mixture and in the reaction products,
respectively.
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Figure 3. Predicted time history of the distance traveled by the flame in the 17.36%vol. H2–air
mixture at NPT conditions (T0 = 293 K, p = 0.1 MPa), u = 675 cm/s, L = 1 cm, and τ = 10 ms.

Figure 4 compares the measured and predicted dependences of the turbulent burning
velocities ut for the various hydrogen—air mixtures on the turbulence intensity u (as in [14]).
Note that the calculations were carried out both for u > 0 and for u = 0, i.e., for the laminar
flame. As seen from Figure 4, the results are in satisfactory qualitative agreement. In these
calculations, no dependences such as that of Equation (5) were used, i.e., it was assumed
that the integral scales L and τ did not change with turbulence intensity.
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Figure 4. Calculated (Calc.) and measured [14] (Exp.) turbulent burning velocities vs. turbulence in-
tensity for hydrogen–air mixtures with different hydrogen content [H2]: (a) 23.09%vol., (b) 17.36%vol.,
(c) 13.51%vol., and (d) 9.09%vol.; T0 = 293 K, p = 0.1 MPa, L = 1 cm, and τ = 10 ms.

Figure 5 compares the predicted temperature profiles in turbulent and laminar flames
in the same mixture. The profile of temperature in the turbulent flame is plotted for a small



Eng 2023, 4 755

patch of flame with the local normal vector directed along the y-axis, and the distribution
of temperature is taken along the normal to the flame. From these profiles, one can estimate
the thickness of the flame and compare it with the spatial scales of turbulence. As compared
to the laminar flame, the profile of temperature in the turbulent flame and its width are seen
to be flatter and wider due to the effect of small-scale mass and energy transfer processes.
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Figure 5. Calculated profiles of temperature in turbulent and laminar flames propagating in the
17.36%vol. H2–air mixture at T0 = 293 K, p = 0.1 MPa. For the turbulent flame, u = 675 cm/s,
L = 1 cm, and τ = 10 ms.

Figure 6 is an example of predicted profiles of temperature and some selected species
concentrations in the turbulent flame propagating in the mixture of hydrogen with air
with 17.36%vol. H2 at u = 675 cm/s, L = 1 cm, and τ = 10 ms (similar to that shown in
Figures 3 and 5). Despite the apparent similarity in the structures of the turbulent and
laminar flames, there exist some differences. Thus, the molar fractions of active species,
such as H, O, and OH, in the turbulent flame turn out to be smaller than in the laminar
counterpart. This is demonstrated by the calculated dependences of the maximum molar
fractions of OH in the reaction zone on the turbulence intensity for fuel-lean hydrogen–air
mixtures with different hydrogen content (Figure 7). The drop in the concentration of active
species is a result of increasing turbulence intensity, i.e., a result of the acceleration of mass
and energy transfer processes. Such a conclusion was also made in [33] based on some
indirect data.
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Figure 6. Calculated profiles of temperature and some selected species in the turbulent flame
propagating through the 17.36%vol. H2–air mixture at T0 = 293 K, p = 0.1 MPa, u = 675 cm/s,
L = 1 cm, and τ = 10 ms.
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turbulence intensity for fuel-lean mixtures of hydrogen with air with different hydrogen content at
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3.2. Results of Calculations for Methane-Air Mixtures and Discussion

Consider now flame propagation in methane–air mixtures. A reduced block of
methane oxidation reactions with 22 species and 150 forward and reverse reactions from
the DRM of combustion of normal hydrocarbons [30] is used. The values of coefficients
a1, a2, a3, a4, and a5 for all species were taken from [31]. The coefficients λ and Di were
obtained using the data in [32]. In contrast to the calculations for hydrogen mixtures, the
calculations for methane–air mixtures additionally take into account the dependence (5) of
the spatial scale L on turbulence intensity u. In the first approximation, the function f (u)
in (5) is represented as a piecewise linear function:

L = A− ku, L > 0 (6)

The values of coefficients A and K for NPT conditions (p = 0.1 MPa and T0 = 293 K) are
presented in Table 1. Equation (6) was derived from the condition of the best fit between the
measured and calculated values of the turbulent burning velocity in methane–air mixtures
of different composition. The data in Table 1 can be approximated by the function:

L = 0.05 + 0.95 exp(−0.008u) (7)

Table 1. Coefficients A and K for NPT conditions.

u, cm/s A, cm K, s

100–200 0.74 2.2× 10−3

200–300 0.64 1.8× 10−3

300–900 0.13 8.3× 10−5

Figure 8 compares the measured and predicted dependences of the turbulent burning
velocities ut for methane–air mixtures of different compositions on turbulence intensity
u. The mixture composition is given in terms of the fuel-to-air equivalence ratio Φ. In
contrast to hydrogen–air mixtures (see Figure 4), the turbulent flame in methane–air
mixtures tends to decay with increasing turbulence intensity: the ut(u) curves flatten
and even pass through the maximum. Such a behavior of the ut(u) curves is associated
with the dependences (6) or (7). Interestingly, the application of Equations (6) or (7) to
the calculation of turbulent flame propagation in hydrogen mixtures does not lead to
any noticeable changes in the results shown in Figures 4–7. The latter is caused by very
narrow reaction zones in hydrogen–air flames, so that at the chosen turbulence intensities,
small-scale mass and energy exchange processes do not lead to flame extinction yet. Flame
extinction in less reactive methane–air mixtures is caused by a noticeable deceleration of
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chemical reactions by small-scale turbulence. Under these conditions, mass and energy
exchange processes significantly reduce the concentrations of active reaction centers. In
methane–air mixtures, the flame thickness is noticeably wider (Figure 9) than in hydrogen–
air mixtures (see Figure 6), and the rate of the chemical process is lower. Therefore, when
simulating turbulent combustion of hydrogen–air mixtures, such deceleration of chemical
reactions was virtually not observed within the studied range of turbulence intensities.
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Figure 8. Calculated (Calc.) and measured (Exp.) [14] turbulent burning velocities vs. turbulence
intensity for methane–air mixtures with different Φ: (a) 0.714, (b) 0.833, (c) 0.625, and (d) 1.0;
T0 = 293 K and p = 0.1 MPa.

Using the calculated temperature profiles, one can estimate the flame thickness and
compare it with the spatial scale of turbulence. Similar to hydrogen–air mixtures, the profile
of temperature in the turbulent flame is flatter and wider than in the laminar flame due
to the effect of small-scale mass and energy transfer processes. This can be clearly seen
from Figure 9 which demonstrates an example of predicted profiles of temperature and
molar fractions of some selected species in the stoichiometric turbulent methane–air flame.
Despite the similar appearances of the structures of the turbulent and laminar flame, there
exist some differences. Thus, the molar fractions of active species in the turbulent flame
turn out to be smaller than in the laminar counterpart. This is demonstrated by Figure 10,
which shows the calculated dependence of the maximum hydroxyl molar fraction in the
stoichiometric methane–air flame as a function of turbulence intensity u. The drop in the
concentration of OH is a consequence of increasing turbulence intensity, i.e., a result of
the acceleration of mass and energy transfer processes. Such a conclusion was also made
in [33] based on some indirect experimental data.
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Figure 9. Calculated profiles of temperature and some selected species in the turbulent flame
propagating through the stoichiometric CH4–air mixture (Φ = 1) at T0 = 293 K, p = 0.1 MPa, and
u = 400 cm/s.

Eng 2023, 4,    12 
 

 

flame, there exist some differences. Thus, the molar fractions of active species in the tur‐

bulent flame turn out to be smaller than in the laminar counterpart. This is demonstrated 

by Figure 10, which shows the calculated dependence of the maximum hydroxyl molar 

fraction in the stoichiometric methane–air flame as a function of turbulence intensity  𝑢. 
The drop in the concentration of OH is a consequence of increasing turbulence intensity, 

i.e., a result of the acceleration of mass and energy transfer processes. Such a conclusion 

was also made in [33] based on some indirect experimental data. 

 

Figure 10. The calculated maximum hydroxyl concentration in the stoichiometric methane–air tur‐

bulent flame vs. turbulence intensity at NPT conditions (𝑇   = 293 K,  𝑝  = 0.1 MPa). 

4. Conclusions 

A new approach for 3D DNS of turbulent combustion of homogeneous reacting mix‐

tures in conditions of homogeneous, isotropic, and statistically stationary (forced) turbu‐

lence is demonstrated. The approach applies the detailed reaction mechanism of combus‐

tion of a reactive mixture. The approach is demonstrated on the calculation of turbulent 

flame propagation  in  fuel‐lean  and  stoichiometric mixtures of hydrogen and methane 

with air. Calculation results are shown to agree satisfactorily with available experimental 

data: both in calculations and experiments, the turbulent burning velocity increases with 

turbulence intensity. For methane–air mixtures at a high turbulence intensity, there is a 

tendency for flame extinction. Calculations indicate that the “wrinkled flame” model is 

applicable to fuel‐lean and stoichiometric hydrogen–air and methane–air mixtures at tur‐

bulence intensities up to 10 m/s. The concentrations of active species, such as H, O, and 

OH, in the turbulent flame are shown to be smaller than in the laminar counterpart, which 

also agrees with measurements. One observation is worth noting, since it is instructive for 

understanding the turbulent flame structure; the flame surface was always simply con‐

nected both for hydrogen and methane flames. The calculations did not reveal “pockets” 

of unburned mixture surrounded by combustion products, as was the case in DNS calcu‐

lations [6]. Apparently, one of the possible reasons for this difference lies in the differences 

between the methods of simulating the turbulence field. Another reason could be the in‐

sufficiently long simulation of the process of turbulent flame propagation in the present 

study. This issue will be further investigated. 

One of the problems of the proposed approach is the lack of a physically substanti‐

ated unambiguous mathematical relationship between the turbulence spectrum and the 

RMS velocity  fluctuation. Having such a relationship,  it would be possible  to compare 

such a turbulence spectrum with the spectrum of synthetic turbulence used in this study. 

Author Contributions: Conceptualization, V.Y.B. and S.M.F.; methodology, V.Y.B. and A.A.B.; soft‐

ware, A.A.B. and F.S.F.; validation, A.A.B. and F.S.F.;  investigation, V.Y.B., A.A.B. and F.S.F.; re‐

sources, S.M.F.; data curation, A.A.B. and F.S.F.; writing—original draft preparation, V.Y.B. and 

S.M.F.; writing—review and editing, V.Y.B. and S.M.F.; supervision, S.M.F.; project administration, 

Figure 10. The calculated maximum hydroxyl concentration in the stoichiometric methane–air
turbulent flame vs. turbulence intensity at NPT conditions (T0 = 293 K, p = 0.1 MPa).

4. Conclusions

A new approach for 3D DNS of turbulent combustion of homogeneous reacting
mixtures in conditions of homogeneous, isotropic, and statistically stationary (forced)
turbulence is demonstrated. The approach applies the detailed reaction mechanism of
combustion of a reactive mixture. The approach is demonstrated on the calculation of
turbulent flame propagation in fuel-lean and stoichiometric mixtures of hydrogen and
methane with air. Calculation results are shown to agree satisfactorily with available
experimental data: both in calculations and experiments, the turbulent burning velocity
increases with turbulence intensity. For methane–air mixtures at a high turbulence intensity,
there is a tendency for flame extinction. Calculations indicate that the “wrinkled flame”
model is applicable to fuel-lean and stoichiometric hydrogen–air and methane–air mixtures
at turbulence intensities up to 10 m/s. The concentrations of active species, such as H,
O, and OH, in the turbulent flame are shown to be smaller than in the laminar counter-
part, which also agrees with measurements. One observation is worth noting, since it is
instructive for understanding the turbulent flame structure; the flame surface was always
simply connected both for hydrogen and methane flames. The calculations did not reveal
“pockets” of unburned mixture surrounded by combustion products, as was the case in
DNS calculations [6]. Apparently, one of the possible reasons for this difference lies in the
differences between the methods of simulating the turbulence field. Another reason could
be the insufficiently long simulation of the process of turbulent flame propagation in the
present study. This issue will be further investigated.
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One of the problems of the proposed approach is the lack of a physically substantiated
unambiguous mathematical relationship between the turbulence spectrum and the RMS
velocity fluctuation. Having such a relationship, it would be possible to compare such a
turbulence spectrum with the spectrum of synthetic turbulence used in this study.
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