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Abstract

In this paper, the mean velocity, turbulence intensity and temperature profiles in different cross-sections of premixed acetylene flame
are given. A mathematical model for prediction of velocity, temperature and concentration fields of axisymmetric free premixed turbu-
lent flame is presented in this paper. A second-order closure for turbulent reacting flows is used. Special attentions is paid to model
behavior with the respect to the prediction correlation coefficients of turbulent diffusion of the scalar components. Conditional and
unconditional statistics of the LDA signals were performed using jet and/or air seed. Compared to commonly used unconditional sta-
tistics, conditional statistics of velocity fluctuations can give us more data about intensity of turbulent mixing in the flame.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Acetylene premixed flame widely used in metal cutting
and material coating, and in many other applications.
Experimental investigations of differed flames have been
mostly performed with the industrial burners using laser-
Doppler anemometry for velocity measurements and ther-
mocouples for temperature measurements, with the aim to
reduce noise and to increase combustion efficiency. In sev-
eral experimental studies [1,2], flow field of the premixed
acetylene flame was analyzed. In experiments [2], according
to the LDA-velocity information, different regions of the
flow field of premixed acetylene–air flame have been estab-
lished: the flame front, the region of constant flame width
(velocity), the developing region, and the fully developed
jet flow region. In paper [2] the changes of the premixed
acetylene–air flame flow characteristics, which are caused
by changes of conditions at the burner exit, changing exit
velocity profiles have also been analyzed. Experimental
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investigations in [3] shows that increasing fuel content in
the mixture, velocity and temperature fields are changing
considerably. The region of the flame front is characterized
by relatively sharp increase in axial velocity followed by
axial velocity decrease. Rapid temperature increase caused
by combustion brings a flow relaminarization. Adiabatic
temperature of the premixed acetylene/air flame is about
2950 K. This high temperature brings an increase in kine-
matics viscosity and decrease of the Re number. In the
earlier and recent experimental research of premixed and
diffusion flames of gases [4–6], which have lower adiabatic
combustion temperatures than acetylene flame, the region
of constant velocity was not observed. In the developing
region the flow field is similar to the developing region of
an isothermal jet. This region is followed by a strongly fluc-
tuating flow region. The velocity along the axis is changing
like that of an isothermal jet, self-similarity of the radial
velocity profiles is evident [7], and the turbulence intensity
is much increased than in other parts of the flow.

Experimental investigations of cold gas entrainment into
thermal plasma [8] and into non-premixed propane jet [9]
have shown that large difference of density between the
hot gas flow and surrounding air is responsible for delay
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Nomenclature

A constant in algebraic expression for turbulent
dissipation rate [–]

Cl constant in effective viscosity expression [–]
C1 constant in equations for production due to

main flow deformation [–]
C2 constant in equations for production due to

main flow deformation [–]
Cs constant in equations for production due to

main flow deformation [–]
Ce1 constant in equations for energy dissipation [–]
Ce2 constant in equations for energy dissipation [–]
Ce constant in equations for energy dissipation [–]
cp specific heat [J kg�1 K�1]
Ea energy of activation [J mol�1]
Ka absorption coefficient [m�1]
Fx, Fr radiation fluxes in axial and radial directions

[W m�1]
Hr heat effect of chemical reaction [kJ kmol�1]
hs sensitive enthalpy [kJ kg�1]
k kinetic energy of turbulence [J kg�1]
Mk molecular mass of species k [kg mol�1]
qr heat source due to radiation [–]
R universal gas constant [J mol�1 K�1]
Rk conversion rate of species y [kg m�3 s�1]
r, x radial and axial coordinate [mm]
rh source term in enthalpy equations [–]
SL laminar burning velocity [m/s]

SR radiation source term [W m�3]
P pressure [Pa]
T temperature [K]
U, V axial and radial mean average velocity [m s�1]
urms root of the mean-square velocity fluctuations

[m s�1]
u, v, w fluctuating component of an axial, radial and

tangential velocity [m s�1]
yA gas components [kg/kg]

Greek symbols

e dissipation rate of turbulence [m2 s�3]
l viscosity [Pa s]
q density [ kg m�3]
s* time micro-scale [s]
c intermittency factor
X mixing factor

Subscripts

fu fuel
k chemical species
ox oxygen

Superscripts
0 fluctuations

* fine structures
o surrounding
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of mixing process, but afterwards it leads to an increase
in turbulence level. Conditioning of signal was originally
applied for discriminating between turbulent and irrota-
tional fluid elements in non-reacting free turbulent shear
flows [10–13], and between reacting turbulent flows and
co-flowing air stream [14]. Experimental measurements of
conditional and unconditional statistics in premixed flames
of various configurations [15–17] are vital to establish rela-
tionships between the properties of the two zones, the reac-
tions and the product zones.

The intermittency model [18] assumes that major contri-
butions to flame turbulence are associated with the burnt
and unburnt gas states while the contributions from the
burning process on a thin surface of the flame front are
negligible.

In this paper using conditional and unconditional LDA
statistics the mixing processes between acetylene flame and
surrounding air in the characteristic region of flame was
analyzed in order to reveal physical characteristics of differ-
ent flame regions. The LDA measurements were performed
using three different particle seeding points (1) in premixed
unburnt reactants only, (2) in surrounding air only (condi-
tional seeding), and (3) in both reactants and surrounding
air (unconditional seeding).
Turbulent premixed flames feature complex interactions
between turbulent transport of scalars and chemical reac-
tion as well as a strong coupling between velocity and
scalar turbulence. Problems of modeling free flames, and
jets in general, arise because of the nonexistence of sharp
edges of the physical fields, i.e. of the calculation domain,
resulting in unexpected difficulties in solution convergence.
Hoping to overcome some uncertainties in calculation of
the free premixed flame, in this paper, we have analyzed
some specific approaches to solve this problem: (a) flow
has been described using elliptical equations; (b) anisotropy
of turbulent diffusion of scalar components is introduced;
(c) the boundary region of the jet and the surrounding
stationary fluid has been implicit treated in the calcula-
tions.

In the paper [18] the pressure fluctuation covariance
have been studied in detail for six different fuels. Numerical
simulations of premixed turbulent flames have the potential
to provide versatile cost-effective tools for engineering
design in many important applications areas. Moment clo-
sure methods have long provided the basis for theoretical
models for computations of flows in geometries of practical
interest. The principal difficulty associated with such meth-
ods concerns the closure of the turbulent transport of
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momentum and scalars, the Reynolds stresses and turbu-
lent scalar fluxes.

2. Experimental equipment and flow conditions

The experimental apparatus used in this study has been
the same as in [2], except for the new burner with 8 mm
inner diameter. Uniform acetylene/air mixture with k = 1
(stoichiometric ratio) was supplied to the burner which con-
sists of a long, constant diameter pipe. The length of this
burner pipe was 80D. At the exit of the burner, fully devel-
oped turbulent velocity profiles were formed with mean
velocity Uav = 15.45 m/s and Re = 7862 and constant tur-
bulent intensity around the burner axis (6%), with increase
towards the rim (11%). The laminar burning velocity SL for
stoichiometric mixture was estimated to be 1.83 m/s there-
fore, urms/SL was 0.655. For this exit flow conditions of
the acetylene/air mixture, the shape of the flame front was
a nearly cylindrical ‘‘flame brush’’. This flame is considered
to be within the wrinkled laminar region [19,20].

Velocity measurements have been carried out using one-
component laser Doppler system consisting of a 15 mW
helium–neon laser, a conventional transmission optics
including a beam splitter, and a double Bragg cell. Instan-
taneous velocities in the axial and radial directions have
been measured at the same point by rotating the LDA
optics by 90�. All measurements have been carried out with
a frequency shift of 5 MHz. An angle of 9� was chosen
between the axis of the transmission optics and the axis
of the receiver optics. With this optical arrangement the
dimensions of measuring control volume were 0.16 ·
0.16 · 1.39 mm. Frequencies of Doppler signals were
obtained by Disa 55L90a counter processor. At each mea-
suring point, 7500 instantaneous velocity samples were
recorded and were employed to compute the local mean
velocity, turbulence intensity, and the Reynolds turbulent
stress. The data were also processed to yield probability
density distributions of the instantaneous velocity.

The fuel and surrounding air were seeded with Al2O3

particles with mean diameter of 2 lm. Using the estimates
from [21] can be shown that such particles can follow the
flow velocity fluctuations up to the frequency of 3 kHz.
The assumption that the difference between the diffusivities
of particles and the fluid may be neglected has been proven
valid for large Reynolds numbers [22]. The seeding rates of
particles in unburnt mixture and surrounding air were keep
constant during the experiment.

3. Modeling of turbulent premixed jet flame by means of

second order closure

3.1. Model of the mean flow and turbulence in the flame

Premixed fuel–oxidant mixture is heated by the diffusion
radiation and conductive waves from high-temperature
combustion products. Combustion is not controlled by
the kinetics of chemical reactions, but by the heating rate
of the reactive turbulent mixture, so that the turbulent
combustion of the premixed gas mixture can be considered
primarily as the complex hydrodynamic problem. In reac-
tive flows correlations connected to the density fluctuations
appear in the transport equations (q0ui; q0uiuj; q0t and
others). This problem may be overcome using Favre’s mass
averaging, which eliminates density fluctuation correla-
tions. With Favre averaging, which appears most appropri-
ate for variable density flows, the solution of mean velocity
and mean scalar fields requires the density-weighted
turbulent stress and turbulent flux of scalar quantities to
be determined. Formally, there is nothing new in usage
approach based on Favre averaging, but some difficulties
arise when comparing calculated to the experimentally
obtained flow characteristics. One possibility is solving
the conservation equations of turbulent density fluc-
tuations correlations, but, to date, models for these
equations have not been adequately developed, although
efforts have been made. Models of reactive flows with
averaged density yielded acceptable agreement of calcula-
tion and experiment, making these models still usable.
Also, in our opinion is that the possibilities of this
approach are not jet studied enough, specially referring
to influence of anisotropic turbulent diffusion of the scalar
variables.

The mean velocity field of the free flow can be described
by the system of equations derived from Reynold’s equa-
tions for stationary turbulent flow:
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Closure of the system of Reynolds equations of momentum
and continuity equation for stationary turbulent flow of
incompressible fluid has been carried out based on the solu-
tion of equations for turbulent stress, having the exact
form:
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Cij ¼ Gij þ T ij þ Eij þ Uij þ Dij ð2Þ

Convective transport (Cij), production due to main flow
deformations (Gij), and viscous diffusion (Tij), may be used
in their exact form. For modeling of the other terms,
approximations based on model described in [23] have been
chosen. Redistribution between components of stress
(interactions of pressure and flow deformations) is given
as
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where k ¼ ukuk=2 is kinetic energy of turbulence, G =
Gkk/2 is production of turbulent kinetic energy, dij is Kro-
necker delta, while
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Coefficients a, b and c are mutually dependent and are
determined by coefficient C2: a = (8 + C2)/11; b =
(8C2 � 2)/11; c = (30C2 � 2)/55. Viscous destruction is
described by the dissipation of turbulent kinetic energy e,
(Eij = �2/3e), for which the transport equation is solved:
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Diffusion transport of turbulent stress components is
modeled by the expression:

Dij ¼ Cs
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Model has six constants, the values of which have been
proposed based on the experimental data and numerical
optimization, and are given as

C1 ¼ 1:5; C2 ¼ 0:4; Cs ¼ 0:22; Ce1 ¼ 1:45;

Ce2 ¼ 1:9; Ce ¼ 0:15
3.2. Model of the concentration and temperature fields

The model encompasses conservation equations of gas
components participating in the process (C2H2, O2, N2,
CO2, H2O) and energy equation. To deal with chemical
reactions we have solved conservation equations of partic-
ipating species which, in terms of mass fraction of species
A, yA have general form:
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The equations have been solved by means of conservation
equations for Reynolds fluxes quiy0 which are of the mod-
eled form:
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production and destruction of particular components in
the mixture are shown as part of the source terms of the
equations, through the kinetic relations and corresponding
stoichiometric ratios. Basic chemical equation of acetylene
combustion is as follows:

C2H2 + 2.5O2 = 2CO2 + H2O + Hr,

where Hr = 1.25 · 106 kJ kmol�1 is the heat effect of chem-
ical reaction. Heat transfer in the flame was considered
through the equation of sensitive enthalpy hs ¼

P
lylCp;lT .

Enthalpy equation has the same form as Eq. (4), but with
the source term equal:

rh ¼ U
oP
ox
þ V

oP
or
þ qr þ rfuelH r ð6Þ

where terms rfuelHr, describe the heat effect of the chemical
reaction in the flame. The term qr, on the right hand side of
Eq. (6) represent the heat source due to the radiation. For
the radiation heat transfer, six flux model [24], reduced for
axial-symmetric case of purely emission–absorption radia-
tion to two equations of the diffusion type for radiation
fluxes, in axial (Fx = Ix + Jx) and radial (Fr = Ir + Jr) direc-
tions were used:
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where Ib is the emission power of the black body, and
Ka = �(1/L)ln(1 � eg) is the absorption coefficient of the
medium. In the energy equation heat source due to the
radiation is described by the term:

qr ¼ div ~Qr ¼ Ka F x þ F r �
2

3
Ib

� �

Reynolds fluxes quih
0
s are modeled in same way as quiy0 in

Eq. (5).

3.3. Combustion model

Although this kind of flame has been investigated,
but available data still suffer from some incertitude and
contradictions [25]. Acetylene oxidation rate determined
by the Arrhenius relation [26]: rch ¼ AX 0:5

fu X 1:25
ox q1:75 >

expð�E=RT Þ, where A = 9.5 · 1014 and E/R = 1.51 ·
104 K is much grater than the combustion rate in the real
flame. Several different models proposed in order to deter-
mine real combustion rate have been reviewed in e.g. [27].
Proposed model of combustion rate is base on an eddy dis-
sipation concept [28,29], but including chemical kinetics
into fine structures too. Basic assumption of the model
used here is that chemical reactions take place when reac-
tants are mixed at molecular scale in isolated regions whose
entire volume is a small fraction of the fluid elements.
These regions are occupied by the structures that represents
end of cascade eddy dissipation process, whose characteris-
tic dimensions are of the same order of magnitude as the
Kolmogorov microscale. Consideration of the contact
probability of fluctuating reactants was substituted by con-
sideration of mixing on molecular level inside fine turbulent
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structures. Calculation of the overall combustion rate is
thus reduced on the determination of participation fine
structures in turbulence, and afterwards on analysis of pro-
cesses in fine structures. In proposed model both, the chem-
ical kinetics and molecular mixing, are considered at the
same time, while in similar models the chemical kinetics
is treated separately, or is neglected at all. Simultaneous
influence of chemical kinetics and turbulent mixing on
the combustion rate is attained by treating fine structures
like ideal chemical reactors.

Based on the mass balance for species ‘‘i’’ in the fine
structures and surrounding fluid, and including chemical
kinetic rate, source term can be expressed as: r�i ¼
q�ðyo

i � y�i Þ=s� ¼ r�ch where yo
i and y�i are mass fractions of

species ‘‘i’’ outside and inside the fine structures respec-
tively and r�ch ¼ kchq�ðaþbÞy�ai y�bj chemical reaction rate. If
the total mass m, is equal to the sum of masses in fine struc-
tures m* and surrounding mo: m = m* + mo, then mass
fraction occupied by fine structures is defined as: c* =
m*/m and mean mass fraction of deficient species ‘‘i’’ in
control volume: yi ¼ y�i c

� þ yo
i ð1� c�Þ. Taking into account

the stoichiometric relation for chemical reaction, mass frac-
tion of the second reactant—‘‘j’’ in the turbulent fine struc-
tures is defined by : y�j ¼ yj � stðyi � y�i Þ. When ‘‘i’’, which
is deficient species in control volume, represents fuel st = sfu

and when ‘‘i’’ represents oxygen, st = 1/sfu. Considering
these relations, set of two equations with two unknowns
(mass fraction y�i and conversion rate r�i in fine structures)
can be formed:

q�ðyi � y�i Þ
s�ð1� c�Þ ¼ koe�

Ea
RT y�ai ½yj � stðyi � y�i Þ�

b
;

r�i ¼
q�ðyi � y�i Þ
s�ð1� c�Þ ð8Þ

Reaction rate r�i corresponds to the mass fraction occupied
by fine structures and reactant ‘‘i’’ represents ‘‘deficient
species’’. Taking this into account, total reaction rate in
the case of finite chemical reaction rate, can be expressed
by

rfu ¼ r�i c
� for

yox

sfu

P yfu ^ rfu ¼
r�i c
�

sfu

for
yox

sfu

< yfu ð9Þ

Time scale for the fine structures, as mentioned, corre-
sponds to the Kolmogorov time scale: s� ¼ as

ffiffiffiffiffiffiffi
m=e

p
. Mass

fraction occupied by fine structures (c*) can be obtained
as the ratio between Kolmogorov microscale and bulk mix-
ing time scale: c* = s*/sm. If we suppose that bulk mixing
time scale is proportional to the turbulent macro scale,
the ratio of micro and macro scales is as follows:
s�=sm /

ffiffiffiffiffiffiffi
m=e

p
=ð1=uÞ ¼ R�0:5

t and mass content of the fine
turbulent structures can be written by the expression:

c� ¼ as

ffiffiffiffiffiffiffiffiffiffiffi
me=k2

q
. Taking into account that the fine struc-

tures, as well as Kolmogorov microscale, are responsible
for the dissipation of turbulent energy, it can be assumed
as = 1. Comparing the numerical results with our experi-
mental data, ac = 0.92 is accepted.
3.4. Thermodynamic and transport properties

With density of the components given by qi (qi = MiP/
RT), mixture density is defined as: q ¼

P
iyi=
P

iðyi=qiÞ.
By using constants l1,ii l2,i determined from the referent
tables, the molecular viscosity of the components is:
li = l1,i/(1 + l2,i/T). Molecular viscosity of the mixture is
determined using the equation: l ¼

P
i X ili=

P
jX jUij

� �
,

where: Xi and Xj are mole fractions and Uij = 0.35(1 +
Mi/Mj)

�0.5[1 + (li/lj)
0.5(Mj/Mi)

0.25]2. Specific heat capacity
of the gas components is determined using fourth order
regression: Cp,i = ai + biT + ciT

2 + diT
3 + eiT

4, and for
the mixture using: Cp ¼

P
iCp;iyi. Thermal diffusion coeffi-

cient a = k/qCp is determined as the ratio of the viscosity
and the Prandtl number rh = Cpl/k; a = m/rh.

4. Experimental and numerical results

4.1. Axial mean flow velocity, turbulence intensity, and

temperature profiles for stoichiometric flame

Fig. 1 show the experimental data and computation
results for the mean velocity Fig. 1(a) and turbulence inten-
sity and (b) changes along the flame axis. Considering the
complexity of the problem, agreement is good. The region
of flame front (I) ends approximately 3D downstream of
the burner exit; temperature increase, i.e. density decrease
is dominant compared to the flow deceleration due to the
shear stresses at the front of the flame, leading to the accel-
eration of the flame jet in this region, which is less pro-
nounced in the model than in the experimental data. It
must be noticed that this effect could not be obtained by
use of turbulent viscosity model. The region of constant
velocity (II) ends at 8.5D downstream of the burner exit,
from where the ambient air penetrates to the flame center-
line. Measurements conditioned on the surrounding air
could not have been carried out for axial distances
x/D < 8.5. In this region, the surrounding air did not pen-
etrate to the flame axis. For axial distances x/D > 8.5 the
mean axial velocity of fluid in the jet is considerably higher
than the mean axial velocity of fluid originating from the
surrounding air. Large volumes of entrained cold air have
much higher density and, thus, greater inertia than the
combustion products. With intensification of mixing pro-
cesses between flame and surrounding air the difference
between velocity of fluid originating from the flame and
the fluid from surrounding air disappears, approximately
at x/D > 25.

Transition from the developed region (III) to fully devel-
oped region (IV) is characterized by an intense mixing of
combustion products with the surrounding air, which is
accompanied by a sudden fall of temperature and radiation
intensity. The eddies in the flow are continually breaking
down into the smaller eddies, while diffusion is taking
place, at molecular level, at all eddy boundaries. The jet
becomes fully turbulent in region IV of sharply increasing
turbulence, while eddies of surrounding air continue to



Fig. 1. Mean axial velocity (a) and turbulence intensity (b) along the flame axis.

Fig. 2. Isotherms in the acetylene flame.
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be engulfed into flame, further reducing velocity. Velocity
change along the flame axis is also influenced by the veloc-
ity values at the nozzle outlet. High velocity at the nozzle
outlet causes wider flame front. This is probably due to
the dependence of the flame spreading rate on the velocity
of the incoming gas flow [30]. The mentioned influences on
the flow characteristics of the flame are hard to express
quantitatively, being that every flame is unique in its own.

Turbulence intensity distribution along the flame axis,
also both for conditional and unconditional seeding,
shown in Fig. 1(b), has been normalized using the local
mean velocity at the axis. Just downstream of the burner
exit, turbulence intensity is Tu = urms/Um approximately
constant. It stays constant until the flame front is reached.
At the flame front, the maximum turbulence intensity
occurs at the same point where the mean velocity at the
flame axis increases. Then Tu considerably decreases in
constant velocity region characterized by relaminarization
of flow and absence of mixing process between combustion
products and surrounding air. Considering the complexity
of the problem, computation results, despite the obvious
deviations, can be accepted as a successful illustration of
the turbulence intensity.

Large density difference delays the mixing process. With
downstream increase in turbulence intensity the difference
between conditional and unconditional seeding of particles
disappears.

Fig. 2 shows isotherms. Measured values are limited to
the temperature of 1773 K for k = 1 (stoichiometric ratio),
because a maximal of measuring range of thermocouple is
1950 K. The region of constant velocity II, 3 < x/D < 8.5
(see Fig. 1(a)), around the flame axis is the region of high
temperature, which is a reason for drastic increase of vis-
cosity, which together with acceleration gives as a result
the stream relaminarization beyond the flame front and
formation of constant velocity region. Downstream of con-
stant velocity region, with intensification of the mixing pro-
cesses between combustion products and surrounding air,
temperature decreases and usual flow development in the
jet occurs, with gradual decrease of velocity at the jet axis.
From the figure it can be seen that near the nozzle exit the
flame temperature increase is sharper at the flame edge
than inside the flame. This may seem unexpected, but it
can be explained by the violent reaction with oxidant in
excess at the flame edge, and by the longer reaction time
due to the lower velocity at the point.

Measured axial mean velocity (U), radial mean velocity
(V), and turbulence intensity for x/D = 5, for conditional
and unconditional statistics are shown in Fig. 3. The axial
and radial mean velocities are also normalized by the veloc-
ity value at the axis Um. Radial coordinate is normalized by
the distance from the flame axis, b, where the unconditional
axial mean velocity is half the unconditional maximum



Fig. 3. Profiles of mean axial velocity, turbulence intensity (a) and radial velocity and turbulence intensity (b) at x/D = 5.
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axial velocity at the flame axis. The turbulence intensity
distributions along the axial velocity component and radial
mean velocity are normalized using the local mean velocity
Um.

For x/D = 5, mean axial and radial velocities (Fig. 3(a)
and (b)) for conditional jet seeding and unconditional seed-
ing, in central region around flame axis have constant val-
ues. In this region there is no mixing between combustion
products and surrounding air. Decrease of mean axial
velocity in cross section x/D = 5 starts at the point r/b =
0.6263 (r = 6 mm) where the mixing process between sur-
rounding air and combustion products begins (this point
can be used as start of the constant velocity region). As
Fig. 3(a) shows, mean axial velocity conditioned on air seed
and on jet are different. The mean axial velocity condi-
tioned on jet is higher than the mean axial velocity condi-
tioned on air. Therefore, in general, fluid originating
from the surrounding air has lower velocity than the fluid
originating from combustion products. The values of
unconditioned mean axial velocity near the flame axis are
close to the values of mean axial velocity conditioned on
jet seed.

At axial distance x/D = 8 [31], the width of the constant
velocity region is less than at distance x/D = 5. The bound-
ary of this region becomes smaller by r/b = 0.3 (r = 3 mm).
The character of velocity profiles at x/D = 8 is similar to
the velocity profiles at x/D = 5.

The profiles of axial velocity for x/D = 15 [31] have a
shape characteristic for fully developed region of an iso-
thermal jet. At this distance there is no constant velocity
region.

The U/Um velocity distributions conditioned on jet seed
and unconditioned at axial distances x/D = 5 and x/D = 8
[31] are low and constant in the region where there is no
mixing between surrounding air and combustion products.
This points to the fact that the measurements were based
mainly on the fluid particles originating from the jet. The
turbulence intensity is increased in the region 0.5 < r/b <
1.25, where the mixing of the jet fluid and surrounding
air takes place, coinciding with the region of maximum
velocity gradient.

The mean radial velocities for unconditional and condi-
tional seeding at axial distances x/D = 5 are shown in
Fig. 3(b). The profiles of radial mean velocity indicate
entrainment of surrounding air (negative values) and out-
ward expansion of gas originating from the jet (positive
values).
4.2. Mixing factor and probability density distributions

For conditional and unconditional statistics, the follow-
ing relations hold true:

U ¼ XU jet þ ð1� XÞU air ð10Þ
V ¼ XV jet þ ð1� XÞV air ð11Þ

Eqs. (10) and (11) are formally identical with equations
describing the relation between intermittency factor c and
the mean velocity, which have been obtained by averaging
in the turbulent and non-turbulent regions using hot-wire
anemometer [11]. Similar definition was used in [12] to de-
scribe the intermittency of unburnt reactants and combus-
tion products at the same point. The passive scalar X in our
case is defined as the probability that the fluid originating
from the jet is present at any given point. Hence, factor
(1 � X) is the probability that fluid originating from the
surrounding air is present at that same point. Generally c
and X need not be identical. The X in the cross sections
x/D = 5, 8, 10, and 15 are shown in Fig. 4(a).

The sharp decrease of X between r/b = 0.5 and 1.0 in the
flame cross section at x/D = 5 indicates that in this case the
mixing process is restricted to a very narrow region. In the
downstream cross sections the mixing process takes place
in a wider region occupying virtually the entire flame cross
section at x/D = 15.

The mixing factor (passive scalar) X obtained from Eqs.
(10) and (11) subsequently used to calculate the values of
unconditional radial velocity component, from the



Fig. 4. Mixing factor in the flame (a) and the Pdf(u) distribution in the flame at x/D = 5 (b).
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measured conditional ones, using Eq. (11), Fig. 3(b). The
agreement between air + jet seed measured and calculated
(using Eq. (11)) unconditional radial mean velocity is good,
keeping in mind that U and V components have been mea-
sured in separate experiments.

An insight into the statistical properties of the instanta-
neous velocities in acetylene flame was gained from
their corresponding probability density distributions Pdf.
Fig. 4(b) shows Pdf(u) in the flame cross section at the axial
distance x/D = 5 for unconditional seeding. The turbulence
intensity is constant for radial distances r 6 6 mm, where
there is no mixing between surrounding air and combus-
tion products. For distances 6 < r < 11 all velocity Pdf(u)
are bimodal with two separated maximums corresponding
to the combustion products and surrounding air. The
bimodal shape of Pdf(u) disappears closer to the flame
edge, where the fluid from the surrounding air dominates.
At x/D = 8 [31], constant velocity region extends to the
r = 3 mm distance. In this region the probability density
functions are similar, illustrating the fact that turbulence
Fig. 5. Comparison of Pdf measured experiment
intensity has constant value (see Fig. 3(a)). On radial dis-
tances y > 3 mm, mixing process between combustion
products and surrounding air is taking place. The Pdf(u)
in this region have bimodal shape which disappears with
approach to the jet edge. Because of the turbulization of
fluid flow and the decrease in density difference in
downstream cross sections, the breakdown of large eddies
happens, and the mixing between combustion products
and the surrounding air is intensified. The Pdfs(u) at
the axial distance of x/D = 15 [31] cannot show bimodal
shape.

The following relations hold true for unconditional and
conditional probability density functions:

PdfðuÞ ¼ XPdfðuÞjet þ ð1� XÞPdfðuÞair ð12Þ
PdfðvÞ ¼ XPdfðvÞjet þ ð1� XÞPdfðvÞair ð13Þ

If the values for mixing factor X calculated from Eqs. (10)
and (11) are substituted into Eqs. (12) and (13), then one
Pdf may be calculated based on the other two. Fig. 5 shows
ally and calculated using Eqs. (12) and (13).
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Pdfs(u) and Pdfs(v) at x/D = 5 and at the radial distance
r = 6 mm, measured with unconditional seeding and calcu-
lated based on the measured Pdfs for conditional seeding.
Measured and calculated Pdfs are well compatible with
each other and confirm that the relationship exists between
them, in the form (12) and (13). At other positions there is
also a good compatibility between Pdfs obtained from the
experiments and by using Eqs. (12) and (13) [31].

4.3. Calculated species concentration

In Fig. 6, changes of basic active chemical components
mass concentrations in the flame have been shown. For
the illustration of combustion process in Fig. 7(a) and
(b), calculated radial profiles of oxygen and carbon dioxide
concentration on particular axial locations are shown.
From these figures (and also from the profiles of other
components, which have not been shown), the border of
the flame front in radial distance as well as entrainment
of the fresh air in the jet beyond the flame front can be
noticed.
Fig. 6. Calculated distributions of reactive species concentration.

Fig. 7. Development of the oxygen (a) and c
5. Conclusions

The described model is based on solving the elliptic par-
tial differential equations, representing a qualitatively dif-
ferent approach from the some modeling of the free
premixed flames based on the parabolic differential equa-
tions. Non-conventional boundary conditions for free
flows, which should make the model agree better with the
physical nature of the problem, have also been incorpo-
rated into the model. Reducing the complexity of the com-
bustion problem is often achieved by assuming that the
turbulent mass diffusion coefficient are the same for all
components. We found that introduction flux–stress signif-
icantly improved the results quality in comparison to k–e
model. The application of Re–stress model provides a pow-
erful tool for improving the accuracy of prediction free
flames.

The results of LDA measurements for three different
particle seeding points (in premixed unburnt reactants
only, in surrounding air only and in both reactants and sur-
rounding air) show that this seeding technique provides a
useful marker for fluid elements originating from the com-
bustion products and surrounding air. The resulting condi-
tional and unconditional velocity statistics provide
valuable information on details of the mixing process
between these two fluids. In the region of the flame front
and constant mean velocity, large differences between both
axial and radial velocity components of cold eddies of sur-
rounding air and hot eddies of combustion products have
been detected. Due to the high viscosity in this region the
turbulence intensity is very low. This also confirms that
large density difference delays and suppresses the mixing
process in this region. In this flame region the area where
mixing process takes place is very narrow.

These flow characteristics indicate that downstream of
the flame front a sort of potential core is formed, character-
ized by constant mean velocity, low turbulence intensity,
and weak mixing in the narrow region on the boundary
with surrounding air. An analysis of flow in this region
has shown that this flow may be treated as turbulent flow
arbon dioxide (b) concentration profile.
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in pipe. From this we can conclude that relaminarization
behind flame front is incomplete.

Downstream from this apparent potential core, with
diminishing density difference, an intense mixing takes
place, with sharp increase in turbulence intensity. It has
been shown that the mixing factor obtained from axial
velocity measurements, defined in a similar way to intermit-
tency factor, can be used for analyzing the mixing process.
This passive scalar can also be used to establish relations
between conditional and unconditional mean velocities,
both for axial and radial components.

The model provides insight into the structure and aero-
dynamics characteristics of the flame. A modern approach
to the modeling of combustion requires attention to be
paid to the turbulent density fluctuations, which means
the development of models with Favre’s averaging or the
development of models for turbulent correlations with den-
sity fluctuations. Also, what may be interesting are the flux-
stress models for flows with combustion. A more detailed
analysis may also be required for the modeling of the chem-
ical reactions, especially formation of char in the flame.
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