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Abstract⎯A technique of two-dimensional direct numerical simulation of turbulent flame propagation in
reacting gas mixtures under stationary homogeneous isotropic turbulence conditions is proposed. This technique is based on a detailed kinetic mechanism of combustion of a multicomponent mixture and uses no fitting parameters. It is applied to the calculation of turbulent combustion of a hydrogen–air mixture. A condition is proposed to compare the results of two-dimensional calculations (dependences of flame propagation
velocity on turbulence intensity) with the data of actual three-dimensional experiments. The obtained agreement between the calculated and measured dependences confirmed the validity of the proposed condition.
The effects of pressure on the flame propagation velocity were considered. The calculated concentrations of
the active reaction centers—hydroxyl (OH) and H and O atoms—in turbulent flame are lower than those in
laminar flame, which also agrees with experimental results.
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grids that ensure the spatial resolution of Kolmogorov-scale turbulent eddies using high-order approximation schemes.
Despite the considerable progress that has been
made in the development of the DNS of turbulent
combustion, many problems remain for this method.
For example, a comparison of the most recently published solutions for turbulent flame propagation
velocity that have been obtained by DNS (see, e.g.,
[10]) with the known experimental data shows that the
accuracy of the former is still noticeably inferior to the
accuracy reached in solving laminar combustion problems. In theoretical works, the causes of the discrepancy between the calculated and experimental data are
often thought to be unaccounted-for phenomena
induced by indefinite boundary conditions in actual
experiments. Moreover, the DNS of actual turbulent
flames is highly computer intensive, meaning that calculations must include simplifications that influence
the accuracy of the solution.
In this work, an alternative approach to the DNS of
turbulent combustion of a homogeneous gas mixture
was used; this solution was previously published [11].
Instead of numerically solving all the equations that
determine the turbulent flame propagation in a react-

INTRODUCTION
Direct numerical simulation of turbulent combustion is performed using a nonempirical approach that
is based on detailed kinetic mechanisms and accounts
for the pulsation velocity field. The pioneering works
on the mathematical modeling of turbulent combustion
were published long ago [1, 2], but universally accepted
methods of mathematical description of physicochemical processes in turbulent flame have not yet been
developed [3–9]. The existing approaches, as a rule,
include multifarious closing hypotheses that are based
on experimental observations. Because the applicability domain of a hypothesis is limited, such semiempirical approaches are not universal. The most
promising universal approach to nonempirical theoretical description of turbulent combustion is considered to be direct numerical simulation (DNS), which
takes into account all the main features of a threedimensional turbulent reacting flow with a full range
of turbulent pulsations of velocity, with the full range
of the initial, intermediate, and final chemical components and their individual thermochemical properties
and molecular transfer properties, under adequate
boundary conditions [7–9]. Constitutive flow equations are numerically integrated in computational
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ing gas, it was proposed [11] to solve only the equations
of the transfer of scalar quantities—the concentrations
of reagents and the energy—in an artificial (synthetic)
turbulence field, characterized by a given (constant)
root mean square intensity of velocity pulsations and
by given (constant) integral spatial and temporal
scales. It was also assumed that the propagation of the
flame does not influence the characteristics of the
synthetic turbulence field in the preflame zone.
Unlike the previous study [11], in this work, chemical processes are described, not by a single overall
reaction, but by a detailed kinetic mechanism involving active centers. The first results of such a simulation
of turbulent combustion were presented [12] for the
single specific composition of a hydrogen–air mixture, under the simplest conditions of stationary
homogeneous isotropic turbulence. The purpose of
this work was to improve the technique proposed in
[12] and use it to calculate turbulent flame propagation
in homogeneous hydrogen–air mixtures of various compositions at various pressures and compare the results of
calculation with known experimental data.
MATHEMATICAL FORMULATION
OF THE PROBLEM
The system of equations determining turbulent
flame propagation is based on the Navier–Stokes
equations in a three-dimensional formulation, the
energy-conservation equation, and the continuity
equations for all the chemical components in a mixture of ideal gases [13]:

∂ρ
+ ∇(ρv ) = 0,
∂t
N

ρ ∂v + ρv∇v = −∇p + ρ Yi fi ,
∂t
i =1

∑

N

ρ ∂e + ρv∇e = −∇q − P : (∇v ) + ρ Yi fi Vi ,
∂t
i =1

∑

∂Y
ρ i + ρv∇Yi = ωi − ∇(ρYi Vi ), i = 1,..., N ,
∂t

the mass fraction, diffusion velocity vector, specific
enthalpy, and chemical transformation rate of the ith
species, respectively; hi0 is the standard enthalpy of
formation of the ith species; N is the number of species in the reacting gas; R 0 is the universal gas constant; μi is the molecular weight of the ith species; T is
temperature; c p,i is the specific heat at constant pressure of the ith species; ∇ is the nabla operator; and the
subscript 0 indicates the initial conditions of the fresh
mixture.
It is assumed that system (1) is complemented with
a detailed kinetic mechanism of fuel oxidation, thermochemical data ( hi0, c p,i ) on each of the species, corresponding relations for fi , q, P, Vi , and ω i , and initial
and boundary conditions. Solving the problem should
give a stationary propagation velocity ut (turbulent
combustion rate) and the structure of the turbulent
flame in the multicomponent reacting gas. To simplify
the solution of the problem, let us make the following
main assumptions:
(1) The geometry of the flow region is simplest: the
turbulence is stationary, homogeneous, and isotropic.
(2) The pressure is constant ( p = p0 ), and the effect
of gravity can be neglected. Owing to these assumptions, the problem is significantly simplified because
there is no need to solve the momentum conservation
equation.
(3) The heat flux q is determined only by molecular
heat conduction (radiant heat transfer can be neglected).
(4) Thermal diffusion is low.
(5) The reacting mixture is highly diluted with an
inert gas (nitrogen); therefore, all the diffusion fluxes
of all the chemical components are determined by
Fick’s law with the binary diffusion coefficient.
Under assumptions (2)–(5), the system of differential equations (1) reduces to the form

∂ρ
+ ∇(ρv ) = 0,
∂t

(1)

ρ ∂e + ρv∇e = −∇(λ∇T ),
∂t

N

∑

Yi
p = ρR T
,
i =1 μi
0

N

e=

∑ hY
i =1

i i

p
− ,
ρ

T

∫

hi = hi + c p,i dT , i = 1,..., N ,
0

T0

where t is time; ρ is the density; v is the velocity vector;
p is the static pressure; e is the internal energy; q is the
molecular heat flux vector; P is the pressure force tensor; fi is the vector of the gravitational force acting on
unit weight of the ith substance; Yi , Vi , hi , and ωi are

(2)

∂Yi
+ ρv∇Yi = ωi − ∇(Di ρ∇Yi ), i = 1,..., N ,
∂t
where λ is the molecular thermal conductivity of the
gas, and Di is the binary diffusion coefficient of the ith
species in nitrogen. Note that, owing to the second of
the above assumptions, the density ρ in Eqs. (2) is a
function of only temperature and the composition of
the mixture.
To further simplify the problem, let us assume that
the solution of system (2) tends to a certain stationary
solution, for which
ρ

∇(ρv ) = 0.
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Because it is a stationary solution that is required, Eq. (3)
can be used instead of the continuity equations of the
mixture; i.e., instead of the first equation of system (2).
In this case, the formulation of the problem can be
simplified still further. The instantaneous local velocity vector v = (u, v, w) in Eq. (3), where u, v , and w are
the components of the vector, can be represented as
the sum of the average velocity vector V = (U ,V ,W )
and the velocity pulsation vector v' = (u', v ', w'):

v = V + v'.
Here and hereinafter, capital letters denote average
values, and primes refer to pulsations. Then, Eq. (3)
can be transformed into the form

∇ x (ρu') = ∇ y (ρv ') = ∇ z (ρw') = 0,

ρu' = ρ0u0' ,
ρv ' = ρ0v0' ,

The substitution of relations (11) in system (9) ultimately gives

ρ ∂e = −∇(λ∇T ) − ρ0cv v '0∇T ,
∂t
∂Yi
ρ
= ωi − ∇(Di ρ∇Yi ) − ρ0 v '0∇Yi ,
∂t
i = 1,..., N .

and, hence,

ρV = ρ0 V0 = B,

(7)

where B is the constant flux of matter. Using Eqs. (7),
system (2) can be transformed to the form

ρ ∂e + B∇e = −∇(λ∇T ) − ∇(ρv'u),
∂t
∂Yi
(8)
ρ
+ B∇Yi = ωi − ∇(Di ρ∇Yi ) − ∇(ρv'Yi ),
∂t
i = 1,..., N .
The last terms of both equations of system (8)
determine the transfer of matter and energy with turbulent velocity pulsations. If the vector B is known, then
the time derivatives in both equations of system (8) can
be taken to be zero to obtain the structure of stationary
turbulent flame. However, as a rule, the value of the
vector B is unknown beforehand. Therefore, to find its
value, it is necessary to solve nonstationary system (8),
which describes the combustion wave propagation
until reaching a certain constant velocity. In this case,
the convective terms in system (8) can be omitted, and
the system of equations takes the form
ρ ∂e = −∇(λ∇T ) − ∇(ρv'e),
∂t
∂Yi
(9)
ρ
= ωi − ∇(Di ρ∇Yi ) − ∇(ρv'Yi ),
∂t
i = 1,..., N .
Finally, the last terms of the two equations (9) can
also be simplified by using Eq. (5) and assuming that
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

(11)

ρw' = ρ0w0' ,

(5)

(6)
∇(ρV ) = 0.
In the flow region of the simplest geometry (see the
first assumption), there always exists an averaged direction of turbulent flame propagation, in which one spatial coordinate axis can be directed. Then, Eq. (6) can
be integrated to obtain

(10)

where ∇ x = ∂ , ∇ y = ∂ , and ∇ z = ∂ . Integration of
∂x
∂y
∂z
Eqs. (10) gives

(4)
∇(ρv ) = ∇(ρV + ρv') = ∇(ρV ) + ∇(ρv') = 0.
Based on the first assumption of homogeneous isotropic turbulence, let us assume that

∇(ρv') = 0,

77

(12)

Thus, as before [11, 12], instead of numerically
solving system (1), it is proposed to solve system (12),
which comprises only the equations of transfer of scalar quantities—the concentrations of all N reagents
and the energy—in a given synthetic turbulence field
characterized by the root mean square intensity v' of
velocity pulsations and by given integral spatial and
temporal scales. As a first step, we can restrict ourselves to solving a two-dimensional problem, although
the area of the flame surface in the two-dimensional
approximation is smaller than that in the threedimensional approximation, and two-dimensional
turbulence affects the turbulent flame propagation less
strongly than three-dimensional turbulence. In the
two-dimensional approximation, in coordinate system (x, y), Eqs. (12) with account of the caloric equation take the form

ρ c p ∂T =
∂t

N

+ ⎛⎜ ∂ λ ∂T + ∂ λ ∂T ⎞⎟
⎝ ∂x ∂x ∂ y ∂ y ⎠
i =1
− ρ0c p ⎛⎜ u0' ∂T + v0' ∂T ⎞⎟ ,
∂y ⎠
⎝ ∂x
∂Y
∂Y
∂Y
ρ i = ωi + ⎛⎜ ∂ Di ρ i + ∂ Di ρ i ⎞⎟
∂t
∂ x ∂y
∂y ⎠
⎝ ∂x
∂Yi
∂Yi ⎞
⎛
− ρ0 ⎜ u0'
+ v0'
⎟ , i = 1,..., N ,
∂y ⎠
⎝ ∂x
N
Yi
0
.
p0 = ρR T
i =1 μi

∑ hω
i

i

(13)

∑

System (13) consists of N + 2 equations with N + 2
variables ( N substances with mass fractions Yi , temperature T , and density ρ). The system is closed by the
following relations for c p, λ , and Di :
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the normal Gaussian distribution ϕ and that the vortex
structure of turbulence is described by the spatial (R'
and R") and temporal (R) exponentially decaying correlation functions:

Ly

ϕ(u') =

t = ti

y

R' = exp (–rk L' ) , R" = exp (–rk L") ,
R = exp(–t τ),

t = t0

x

0

Lx

Fig. 1. Scheme of computational domain.

N

cp =

∑c
i =1

2
1 exp ⎡− (u' − u ) ⎤ ,
⎢
⎥
2πσ
2σ2 ⎦
⎣

p,iYi ,

2
3
4
(14)
c p,i = R ( a1 + a2T + a3T + a4T + a5T ) ,
μi
λ = λ(T ,Y1,...,YN , μ1,..., μN , c p,1,..., c p,N ),
Di = Di (T , p, μi , μin ),
where a1, a2, a3, a4, and a5 are coefficients of polynomials, and the subscript in denotes an inert diluent
(nitrogen).
The chemical reaction rates are calculated as [13]

(15)
(16)

where u' is the instantaneous component of the pulsation velocity vector; u is the length of the vector of the
average pulsation velocity; σ is the root–mean–square
deviation of velocity pulsations; rk is the distance in the
physical space; L' and L" are the turbulence length
scales in the directions y and x, respectively; and τ is
the Lagrangian time scale. Despite the assumption of
the isotropy of the turbulence field (the first assumption, see above), here, for generality, two spatial scales,
L' and L", are introduced. Under the assumption of the
stationarity and homogeneity of the turbulence field,
the scales τ, L', and L", are taken constant. The boundary and initial conditions of system (13) are considered
below for a specific computational domain.

0

M

ωi = μi

{

× exp −(E k

∑ (ν
k =1

N

−
i,k

}∏

− νi+,k )AkT αk

⎛ X j p⎞
R T)
⎜ 0 ⎟
j =1 ⎝ R T ⎠
0

+

ν j,k

, i = 1,..., N ,

where νi+,k and νi−,k are the stoichiometric coefficients
of the ith species—the initial substances and products
of the kth reaction, respectively; Ak is the pre-exponential factor of the kth reaction; α k is the exponent,
which determines the temperature dependence of the
pre-exponential factor of the kth reaction; E k is the
activation energy of the kth reaction; M is the total
number of chemical reactions; and X j is the mole
fraction of the jth species.
Equations (13) contain parameters of the stationary homogeneous isotropic turbulence of the reacting
gas (two components of the vector v '0 = (u0' , v0' ) ). The
components of the pulsation velocity vector can be
obtained by random generation by the Monte Carlo
method under the assumption that the instantaneous
local components of the pulsation velocity vector have

COMPUTATIONAL PROCEDURE
Figure 1 presents a scheme of the simplest computational domain in a chosen coordinate system (x, y).
This computational domain is a rectangle, where the
left and right boundaries are impermeable walls at
which the flow slips, and the lower and upper boundaries are far away enough from the flame to ensure the
constancy of the pressure in the system throughout the
computation time. The initial position of the plane
flame front at time t = t0 = 0 is shown by the lower horizontal dashed line. The flame propagates bottom-up:
above the dashed line is a fresh combustible mixture,
and below it are the products of combustion. Here and
hereinafter, at t > 0, the position of the combustion
front is defined as the locus of points at which the temperature is equal to the arithmetic mean of the initial
temperature T0 of the fresh mixture and the thermodynamically equilibrium temperature T1 of the combustion products Tm = (T0 + T1)/2.
The instantaneous position of the flame front at
time t = ti > 0 is shown by the continuous line, and its
averaged position is represented by the upper horizontal dashed line, which is drawn so that the areas of the
regions cut by the continuous curve above and below
the dashed line are equal.
The problem of the turbulent flame propagation
was solved by the numerical integration of system (13)
with additional relations by the alternating direction
method of multipliers [14]. The equations in each of
the directions (x, y) were solved using an implicit difference scheme with uniform spatial steps and linearization of nonlinear source terms in the upper layer.
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This scheme was of the first order of accuracy in time
and space. The computational domain had the size
0.5 × 4 cm2. Each of the computational cells had the
shape of a square 0.005 × 0.005 cm2 in size. The total
number of computational cells was 80 000. The time
integration step was varied, depending on the number
of iterations, but did not exceed 10–6 s.
An important operation was to model the synthetic
turbulence field v '0 = (u0' , v0' ) in system (13). The pulsation velocity fields u' = u'x (x, y, t) and v ' = u'y (x, y, t)
were modeled by their random generation at given turbulence characteristics u , L', L", and τ according to the
procedure described in the Appendix. Note that the
procedure used for constructing the synthetic turbulence field did not require one to define either the turbulence spectrum or the Kolmogorov scale. The
instantaneous length of the pulsation velocity vector u
was found from the values of u'x and u'y :
12

2
2
u = ⎡⎣(u'x ) + (u'y ) ⎤⎦ .
The following initial and boundary conditions were
used:

t = t0 = 0, y > y(t = t0 ): Y j = Y j 0,T = T0,
j = 1,..., N ,
y < y(t = t0 ): Y j = Y j1, T = T1, j,..., N ;
х = 0: ∂T = 0,
∂x
х = Lx : ∂T = 0,
∂x
y = 0: ∂T = 0,
∂y
y = Ly : ∂T = 0,
∂y

∂Y j
= 0,
∂x
∂Y j
= 0,
∂x
∂Y j
= 0,
∂y
∂Y j
= 0,
∂y

(17)

j = 1,..., N ,
j = 1,..., N ,
(18)

j = 1,..., N ,
j = 1,..., N .

COMPUTATION RESULTS
As previously [12], in this work, the turbulent combustion of a homogeneous hydrogen–air mixture was
considered. The chemical transformation kinetics was
described using a set of hydrogen oxidation reactions
with detailed kinetic mechanisms of oxidation and the
combustion of normal hydrocarbons [15]. The values
of the coefficients of the polynomials for all the substances were taken from the database [16]. The transfer
coefficients λ and Di were calculated according to a
published procedure [17].
Prior to solving the problem of turbulent flame
propagation, system (13) was numerically integrated
under initial and boundary conditions (17) and (18)
without synthetic turbulence, i.e., at zero pulsation
velocities v '0 = (u0' , v0' ) = 0, to test the applicability of
the technique to describing the plane laminar flame
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B
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propagation at velocity un. The computations were
performed for T0 = 293 K and p = 1 ata. The hydrogen
volume content of the mixture was varied from 9.09 to
23.09%. In Fig. 2, the results of these computations
are represented by symbols 1. Figure 2 compares the
obtained results with experimental data [3, 18–23] and
with the results of calculation using a published program [24] over a wider range of hydrogen volume contents from 6 to 75%. Experimental data are available
on both laminar and turbulent flames in mixtures with
hydrogen volume contents from 9.09 to 23.09% [18].
Below, these data [18] were used to compare the
dependences of the calculated and measured velocities
of turbulent combustion of mixtures of various compositions on turbulence intensity. For hydrogen–air
mixtures containing less than 9.0% H2, a stationary
solution for plane laminar flame failed to be obtained.
Figure 3 gives examples of the instantaneous shape
of the turbulent flame front at various times after the
start of computations. The maximal physical time for
computing the turbulent flame reached 10–3 s; i.e., it
was shorter than the characteristic temporal scale τ.
The curves in Fig. 3 are individual realizations of the
position of the turbulent flame front. In the flame
front, both small and large spatial inhomogeneities are
observed. As shown below, they are characterized by
linear sizes that are both smaller and larger than the
flame front thickness. Small-scale turbulence changes
(increases) the rate of transfer processes (exchange of
mass and energy) within the flame front, and largescale turbulence changes the shape of the flame and
increases its surface area.
Despite a relatively short physical time of computation (t < τ), the obtained value of the propagation
velocity of the averaged turbulent flame is almost time
constant (Fig. 4). From the flame front positions averaged over several realizations (usually 5–7 realizations), the visible velocity U of the propagation of the
flame front at a given pulsation velocity can be found.
Taking the thermal expansion of the reaction products
into account, it is possible to determine the propagation velocity of the turbulent flame

ut = U

T0 m0
,
T1 m1

where m0 and m1 are the numbers of moles in the fresh
mixture and the reaction products, respectively.
Figure 5 compares the calculated and measured
dependences of the propagation velocity of turbulent
flame ut in mixtures of various compositions on the
root–mean–square pulsation velocity u . Importantly,
in Fig. 5, as in the experimental work [18], the abscissa
is the root–mean–square pulsation velocity u = 3u' ,
where u' is the projection of u on the y axis. According
to Eqs. (4), for correct comparison of the results of
two-dimensional calculations with the data of real
“three-dimensional” experiments, the abscissa should
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Fig. 2. Comparison of the calculated and measured values of the laminar flame propagation velocity un on the composition of the
hydrogen–air mixture. Initial temperature T0 = 293 K, atmospheric pressure. (1) Results of calculations in this work and experimental points (2) [3], (3) [18], (4) [19], (5) [20], (6) [21], (7) [22], and (8) [23]; the curve represents the results of the calculation [24].

be u = 2u; i.e., for the calculated values of the pulsation velocity, the linear scale should be reduced in the

ratio 2 : 3 ≈ 0.815. It is this condition that enables
one to compare the results of two-dimensional calcu-
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Fig. 3. Calculated positions of the turbulent flame front in
various times (t = 0–0.8 ms). Hydrogen–air mixture;
fuel–air equivalence ratio Ф = 0.5 (H2 volume content
17.36%); initial temperature T0 = 293 K; atmospheric
pressure; and turbulence characteristics: u = 130 cm/s,
L' = 1 cm, L" = 0.7 cm, and τ = 0.010 s.
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Fig. 4. Calculated dependence of the distance travelled by
the averaged turbulent flame front on time. Hydrogen–air
mixture; fuel–air equivalence ratio Ф = 0.5; initial temperature T0 = 293 K; atmospheric pressure; and turbulence characteristics: u = 660 cm/s, L' = 1 cm, L" = 0.7 cm,
and τ = 0.010 s.
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Fig. 5. Calculated (filled circles) and measured [18] (open circles with lines) dependences of the turbulent flame propagation
velocity ut on the root–mean–square pulsation velocity u . Hydrogen–air mixtures containing (a) 23.09, (b) 13.51, (c) 17.36, and
(d) 9.09% H2; initial temperature T0 = 293 K; atmospheric pressure; and turbulence characteristics: L' = 1 cm, L" = 0.7 cm, and
τ = 0.010 s.

lations with the data of “three-dimensional” experiments. This comparison of the calculated and measured data shows that they agree satisfactorily.
Figure 6 compares the calculated temperature profiles in the laminar and turbulent flames (instantaneous realization). Using these profiles, the flame
thickness can be estimated and compared with the
spatial scales of velocity pulsations. The temperature
profile in the turbulent flame is shallower than that in
the laminar flame, and the turbulent flame is wider
than the laminar flame because of the influence of
small-scale exchange processes.
Figure 7 gives examples of the calculated profiles of
temperature and the concentrations of the intermediate and final reaction products in the turbulent flame
(instantaneous realization). Although the structures of
the reaction zones in the turbulent and laminar flames
are similar, there are nonetheless some qualitative differences. For example, the concentrations of the most
active intermediate products—hydroxyl (OH) and H
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

and O atoms—in the turbulent flame are lower than
those in the laminar flame. This is clearly seen in Fig. 8,
which presents examples of the calculated dependences of the maximal (throughout the reaction zone)
hydroxyl concentrations on the root–mean–square
pulsation velocity u . The decrease in the concentration of active centers is a consequence of the increase
in the turbulence intensity, i.e., the acceleration of
exchange processes. The same conclusion was drawn
in the earlier experiments based on the [25], based on
indirect data.
It is well known that, with increasing pressure, the
propagation velocity of the laminar flame decreases,
and the propagation velocity of the turbulent flame
either remains constant or somewhat increases [5].
The latter can also be seen in the results of our calculations of the propagation of turbulent flames at various pressures. Figure 9 compares the calculated
dependences of the propagation velocities of the laminar and turbulent flames.
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1800

nected simply. Even at the maximal turbulence intensities, the computations did not show the presence of
pockets of the fresh combustible mixture, surrounded
by the combustion products that have been described
in the literature [10]. This is probably due to differences in methods of describing the synthetic turbulence field or to insufficiently long simulation of the
turbulent flame propagation. This issue will be studied
elsewhere.
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CONCLUSIONS

400

The technique of the two-dimensional DNS of turbulent flame propagation in reacting gas mixtures
under stationary homogeneous isotropic synthetic
turbulence conditions was proposed. The technique is
based on the detailed kinetic mechanism of combustion of a multicomponent mixture and uses no fitting
parameters. The technique was applied to the calculation of the turbulent combustion of hydrogen–air
mixtures of various compositions at various initial
pressures. The condition was proposed to compare the
results of the two-dimensional calculations with the
data of actual experiments.
The comparison of the results of calculation with
experimental data demonstrated a satisfactory qualitative agreement between them: both calculated and
experimental turbulent combustion velocities increase

200
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Fig. 6. Calculated temperature profiles in the (1) laminar
and (2) turbulent flames. Hydrogen–air mixture, fuel–air
equivalence ratio Ф = 0.5, initial temperature T0 = 293 K,
and atmospheric pressure. The turbulence characteristics
for the turbulent flame are u = 1100 cm/s, L' = 1 cm, L" =
0.7 cm, and τ = 0.010 s.

In conclusion, we emphasize one result that is
important for understanding the structure of the combustion zone in a turbulent flame: the surface of the
flame in all the performed computations was conT/103
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Fig. 7. Calculated profiles of temperature and the concentrations (volume fractions) [X] of some species in the turbulent flame.
Hydrogen–air mixture; fuel–air equivalence ratio Ф = 0.5; initial temperature T0 = 293 K; atmospheric pressure; and turbulence
characteristics: u = 1100 cm/s, L' = 1 cm, L" = 0.7 cm, and τ = 0.010 s.
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Fig. 9. Calculated dependences of the laminar flame propagation velocity un and the turbulent flame propagation
velocity ut on pressure. Hydrogen–air mixture, fuel–air
equivalence ratio Ф = 0.5, and initial temperature T0 = 293 K.
Turbulence characteristics for ut: u = 510 cm/s, L' = 1 cm,
L" = 0.7 cm, and τ = 0.010 s.

Fig. 8. Calculated dependences of the hydroxyl concentration
(volume fraction) [OH] on the root–mean–square pulsation
velocity u . Hydrogen–air mixtures of various compositions;
initial temperature T0 = 293 K; atmospheric pressure; and turbulence characteristics: L' = 1 cm, L" = 0.7 cm, and τ = 0.010 s.

with increases in the intensity of turbulence. The pressure dependence of the velocity of the turbulent flame
propagation is also represented correctly. The calculations showed that the concentrations of active reaction
centers—hydroxyl (OH) and H and O atoms—in the
turbulent flame are lower than those in the laminar
flame, which also agrees with the experimental results.
The obtained qualitative agreement confirmed the
applicability of the proposed condition to comparing
the results of two-dimensional calculations with data
from real experiments. Our further investigations will
expand the proposed technique to the three-dimensional case and take into account the vortex structure
of turbulence.
APPENDIX
Modeling of the Synthetic Turbulence Field
Geometric fields: x is the width (pulsation scale L");
у is the flame propagation direction (pulsation scale L');
Δxk and Δt are the space and time integration steps,
respectively; k = 1, 2 (x1 = x, x2 = y).
(1) Calculation of ux(х = 0, …, N; у = 0; t = 0):
—at the point (х = 0, у = 0, t = 0), according to a given value
of u , a random number generator provides ux(0, 0, 0); here
and hereinafter, prior to any call of the random number generator, the average value (AV) should be tested:
if |AV| > u (specified under the initial conditions), then
one should take |AV| = u;
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—at the point (х = Δx1, 0, 0), the R" value, the mean of
the pulsation velocity ux(0, 0, 0)R", and the variance
u 2(1 – R'' 2 ) are calculated, and the pulsation velocity
ux(Δx1, 0, 0) is randomly tested;
—similarly, at intervals Δxi to the end х of the computational segment, ux(1, 0, 0), ux(2, 0, 0), …, ux(N, 0, 0)
are determined.
(2) Calculation of uy(х = 0, …, N; у = 0; t = 0):
—at the point (х = 0, у = 0, t = 0), according to a given
value of u , the random number generator provides
uу(0, 0, 0);
—at the point (х = Δx1, 0, 0), the R" value, the mean of
the pulsation velocity uу(0, 0, 0)R", and the variance
u 2(1 – R'' 2 ) are calculated, and the pulsation velocity
uу(Δx1, 0, 0) is randomly tested;
– similarly, at intervals Δxi to the end х of the computational segment, uу(1, 0, 0), uу(2, 0, 0), …, uу(N, 0, 0)
are determined.
(3) Calculation of uy(х = 0,…, N; у = 1; t = 0):
—using the ux values obtained at step (1), at points 1, 2,
…, N, the derivatives ∂ux ∂x are calculated throughout the axis х(0 – N, 0, 0);
—by the continuity equation, the derivatives ∂uу ∂y
are determined throughout the axis х (0 – N, 0, 0);
—at the point (х = 0, 1, 0),

uу ( 0,1,0) = uу ( 0,0,0) + {[∂uу ∂у] ( 0,0,0 )} Δу1
is calculated;

Vol. 13

No. 1

2019

84

BASEVICH et al.

—at the point (х = 0, у = 1, t = 0), the R' value, the
mean of the pulsation velocity [〈uу (0, 1, 0)〉]R', and
the variance u 2(1 – R' 2 ) are calculated, and the probable value of the pulsation velocity uу(0, 1, 0) is randomly tested;
—similarly, at intervals Δxi to the end х of the computational segment, uу(1, 1, 0), uу(2, 1, 0), …, uу(N, 1, 0)
are determined;
—for all uу(N, 1, 0), the root mean square 〈uу (0,…, N,
1, 0)〉 is calculated, and the correction coefficient

au = uу (N ,1,0) u
is determined, and the corrected values of uу(0, …, N;
1; 0) = uу(0, …, N; 1; 0)/au are found.
(4) Calculation of ux(х = 0, …, N; у = 1; t = 0):
—using the uy values obtained at steps (1) and (3), at
the points 1, 2, …, N, the derivatives ∂uy/∂у are determined throughout the axis х(0, …, N; 0; 0);
—by the continuity equation, the derivatives ∂uх/∂х
are determined throughout the axis х(0, …, N; 1; 0);
—at the point (х = 0, у = 1, t = 0) , according to a given
value of u u , the random number generator provides ux
(0, 1, 0);
—at the point (х = 1, 1, 0),

uх (1,1,0) = uх ( 0,1,0 ) + {[∂uх ∂х ]} (1,1,0 ) Δх1
is calculated;
—at the point (х = 1, у = 1, t = 0), the R" value, the
mean of the pulsation velocity [〈uх(1, 1, 0)〉]R", and
the variance u 2(1 – R'' 2 ) are calculated, and the probable value of the pulsation velocity uх (1, 1, 0) is randomly tested;
—similarly, at intervals Δxi to the end х of the computational segment, uх(1, 1, 0), uх(2, 1, 0), …, uх(N, 1, 0)
are determined;
—at all uх(N, 1, 0), the root mean square 〈uх (0,…, N,
1, 0)〉 is calculated, and the correction coefficient

aux = uх (N ,1, 0) u
is determined, and the corrected values of uх (0,…, N,
1, 0) = uх (0,…, N, 1, 0)/aux are found.
(5) Calculation of ux(х = 0, …, N; у = 1, …, N; t = 0):
—as at steps (1)–(4).
(6) Calculation of ux(х = 0, …, N, у = 1, …, N, t = 0, …,
tend) and uу(х = 0, …, N, у = 1, …, N, t = 0, …, tend):
—as the values of uх and uу change in the transition
from the axis х(0, …, N; 0; 0) to the axis х(0, …, N; 1; 0),
so they change in the transition from the axis х(0, …,
N, 0, 0) to the axis х (0, …, N, 0, 1) but using the correlation coefficient τ. This technique is performed
throughout the calculation: from t = 0 to tend.
Validation of the algorithm. The obtained pulsation velocity fields should be checked for compliance

to given turbulence characteristics u , to a normal
Gaussian distribution, and scales L', L", and τ.
Note. From the assumption that turbulent pulsations meet conditions (10), the relationship between
“cold” (subscript 0) and “hot” (T > T0) pulsations of
velocity follows:

ρuk = ρ0uk,0,
where uk,0 are the projections of the instantaneous pulsation velocity on the axis хk at the initial density. This
equation determines the change in the turbulence
intensity in the course of the combustion, and random
testing of velocity pulsations is required only at the initial temperature.
According to the algorithm of modeling the synthetic turbulence field, the root mean square pulsation
velocity u is time-constant, and throughout the computational space, the turbulence characteristics L', L",
and τ are constant.
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