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This paper deals with the comparison of the eddy-viscosity and second-
moment approaches for turbulence modeling of premixed jet flames. In
order to predict the specific features of axisymetrical reacting free jets,
the modified Cp coefficient in k-¢ turbulence model is proposed. Special
attention is paid to the second-moment model (Reynolds-Stress Turbu-
lence Model) concerning the prediction of anisotropy level and correla-
tion coefficients of turbulent diffusion of scalar components. The
models are used for prediction of premixed turbulent acetylene flame.
Calculation results are compared with the experimental data. The
qualitative and quantitative comparison between two approaches is
presented. The results of these computations demonstrate the superiority
of the second-moment turbulence model over eddy-viscosity one. Also,
the further improvements of both turbulence models are discussed in
order to overcome the discrepancy found between experimental and
numerical data.

Introduction

Turbulent free flows occur in many practical situations. Also, some flows which
are not considered to be free flows, i. e., flames issuing from the burners in large furnaces,
as a meter of fact, are the free flows. Problems of modeling free flames, and jets at all,
arise because of the nonexistence of sharp edges of the physical fields. Also, it is impossibe
to control the flow, based on the total mass balance.

The lowest level of modeling free premixed flame, offering any promise of
realism, must, in some sense, account a transport of turbulent properties. The lowest level
to do this is to use eddy-viscosity models, of which the k-¢ variant is the most widely used.
The present paper focuses on the use of two approaches to predict the turbulent stresses
and fluxes, namely two-equations k-¢ model and the full second-moment model.

The two-equations k-¢ model is related to the turbulence energy, &, and its rate
of dissipation, &, both obtained from transport equations. Apart from accounting for
turbulent transport, the eddy-viscosity approach offers the advantages of relative simplic-
ity, and numerical stability. However, the main disadvantages of k- model are caused by
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assumption that there is no vector space orientation for eddies, and by defining the
turbulence length-scale using scalar variable. These disadvantages are specially mani-
fested in the case of free axisymmetrical jets.

In order to overcome the imperfection of the eddy-viscosity concept we have
used also the second-moment model. It allows both the transport and different develop-
ment of the individual Reynolds stresses and scalar fluxes. Also, it has the advantage that
terms accounting for anisotropy effects are introduced automatically into the transport
equations. The generation rates of stresses, arising from the interaction between stresses
and strains, do not need to be approximated. The significance of this fact may be inferred
from the observation that, to a first approximation, the stress levels are given by:

w; —%k&ij = turbulent time scale x (% G; - o‘,.,-Gkk) )
in which the left-hand side is the stress anisotropy while the right-hand-side bracket
contains the anisotropy of stress generation. Of course, accuracy of the time scale
determination remains a weak point even in the most advanced model variants formu-
lated up to this time. Also, the above expression is used only for a particular simple model
in order to deseribe the isotropy-promoting pressure-strain term in the stress-transport
equations. The expression comes from intuition but carry out also an important message
of principle.

In three dimensional space, the full second-moment model consists, of six
transport equations for the Reynolds stresses. Additional transport equations for the
turbulent fluxes of each scalar property, such as sensitive enthalpy and mass concentra-
tion of related species, have to be solved. Also, there is one extra transport equation for
the dissipation rate of turbulence energy. The solution of all these complex equations
together with those of mean flow is not a trivial task, and it is also computational
expensive. In addition, there is considerable numerical difficulties arising from the use
of second-moment model. The stabilizing effects of an eddy-viscosity field are absent in
the mean-flow equations. Thus, although a second-moment model can provide a more
realistic and rigorous approach for complex flow, such as premixed turbulent free
acetylene flame, it is expensive with storage and execution time.

The main flow and structure of acetylene
flame - turbulent field

The complexity of mathematical modeling of the free acetylene flame can be
illustrated by the experimentally obtained flow field [1, 28]. At the same time, pinpointing
some specific features of the mean flow and turbulent fields can be useful for further
comparisons of the experimental data and calculated quantities. The flow field of the
acetylene flame has four characteristic regions: central core (I); region having a constant
width and very low entrainment of the surrounding air into the flame (II); transition
region (1II) and fully developed jet region (IV), (Fig. 1). Division into these four regions
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Figure 1. Free acetylene mixingiase

flame scheme

is based on the characteristic changes of the mean velocity and turbulence intensity at
the flame axis [28].

The experimental obscrvations suggest several specific properties of the pre-
mixed flame that pose characteristic and complex requirements to the mathematical
model. Heat generation in the narrow region of the flame front causes sharp flow
acceleration perpendicular to the flame front, that means in the radial direction, leading
to the sharp increase in the turbulence intensity. The turbulent field in that region is very
anisotropic because the flow acceleration and turbulence intensity increase are greater
in the radial direction than in the axial direction. This can be seen from mean velocity
and turbulence intensity profiles in the cross sections. The molecular viscosity increasing,
turbulence intensity decreasing and flow relaminarization are caused by temperature
increase in the flame front. Also, at the flame boundaries, the decreasing of the entrain-
ment rate of the surrounding air into the flame is caused by drastic decreasing of the
mixing intensity.

Small mixing intensity leads to the constant flame width in region II. Fully
developed flame region is separated from the potential core by the region of the constant
width and the transition region and starts at the distance x/D = 25 from the nozzle outlet.
This distance for an isothermal jet is only x/D = 5-7. With the increase of the ”fuel” to
”air” ratio, relaminarization rate is greater, and the region of the constant fluid velocity
is longer, leading to greater distance of the fully developed flame region from the nozzle
outlet.

The mean velocity field of the {ree turbulent tlow is described by the system of
equations derived from Reynolds equations for stationary turbulent flow:

i e T N ety Sy i
5x1 (PU,U_])_ (/qxi +ﬁx, .uax "Pu,'llj} _ax] (pUJ)_() (2)

J

using the Reynolds decomposition of instantaneous velocity %; into a mean flow U; and
velocity fluctuations u;, such that: & =U; +u;

Closure of the system of Reynolds momentum and continuity equations (2) for
stationary turbulent flow of incompressible fluid has been done by using turbulence model
transport equations.
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The flame turbulence modeling

The eddy-viscosity approach is based on the Boussinesq assumption that
Reynolds stress is proportional to mean-strain rate:

g o, o0U; |2
e i (é’r i ax; ) §pk5’7 ©)

As we mentioned above, the two-equations k-¢ turbulent model was used [4].
The modeled transport equations of turbulent kinetic energy and its dissipation rate are:

ok o ( v ok
Uj———axj—axi(wak 5x) o2k )
. WO B &
rr 5x,~(v+0'g axj) CazG-Ca )

where G is the production rate of k by shear forces. It is calculated from:

G_v’(é’Uj+ﬁUiJ&Uj ©)

while the eddy-viscosity is described by: v, = C ke

The standard two-equations k-& modcl for free flows has shown adequate
prediction of the two-dimensional plane jet development and significant disagreement
in prediction of the axisymetric jet. Even 40% greater rate of spread of the axisymetric
jet has been obtained [5]. Explanations for these disagreements have been searched for
in the correlation analysis of two-dimensional plane and axisymetric jets [6]. It has been
shown that the cross section of the large eddies depends on the width of flow field. The
coherence of the large eddies in the axisymetric flow is weaker than in the plane flow.
The last mentioned fact can be explained by the different rate of decay of characteristic
velocity scale [7].

In the past, many efforts have been made in order to obtain the two-equations
k-e model that can be employed for the axisymetric jet and to remove described axisimet-
ric/plane jets anomaly. One of these deserved to be highlighted. That is correlation
proposed by Rodi [5] between of C,; and the jet spread coefficient 3, defined as:

(&;)(dgl ) @

C, =1.14-5318 8)

where: 85 is the radial width of the jet where U = 0.5 U,, , and U, is the axial velocity at
the symmetry axis (x;) of the flow. This correction enabled the agreement of the calcula-
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After some algebra, an equation is obtained for the correlations u;u; , which for station-
ary flow has the form:

@, J Gy . Ty J E;
00— (70U 0V, o ( 2| , ou ok
Uk'o”Tku’.u" =_(ujuk ox, itk 5xk) 5xk( ox; }—2vé‘xk .

+% SZ; Zif 3 [u,-ujuk +—§(6jku,-+5,~ku]-):] (i
3, %
or:
Cj= Gy + T; +Ej + ®; +9; (12)

The various groups of terms contributing to the stress balance are associated
with different physical processes: C; identifies convection, G;; represents production due
to main flow deformations, 7}; denotes viscous molecular diffusion, Ej; represents dissi-
pation by viscous processes, @;; is the redistribution term caused by interaction between
components of stress (interactions of pressure and flow deformations), and %, represents
diffusion transport of turbulent stress components. Terms Cy;, Gj and Tj; are used in their
exact form, while terms Ej;, @; and 9; have to be modeled.

Dissipation term Ej Dissipation processes are associated with the viscous
effects inside the smallest scales of turbulent motion. At high Reynolds numbers, these
scales are two or four orders of magnitude smaller than the largest, energy containing
eddies that primarily interact with the mean strain. The general view is that turbulence
energy “cascades” down along the eddy-size range. A little “leakage” occurring at
intermediate scales. Turbulence energy ultimately is dissipated by the smallest eddies
that are oblivious to the orientation of the mean flow and the large scales, thus being
isotropic.

If the concept of isotropy of dissipation is accepted, it follows that all normal
stresses are dissipated at a uniform rate, while shear stresses remain unaffected. Viscous
destruction of ﬁ,_[tj is accordingly modeled by:

Eiobistgas (13)
i oL
where & =v(du;/8x;)* , has to be determined.

Redistribution terri @;;. The pressure-strain term @;; acts to redistribute energy
among the normal stresses and to reduce shear stresses. This term, which tends to make
the turbulence more isotropic, is modeled as the sum of two contributions, as follows:

where @;;; is the non-linear turbulent part, and @;;, is the mean-st.ain, or ”rapid” part.
®;;1 and @;;, can be modeled by using the isotropisation-of-production assumptions [14]:

18



Sijercié, M., Stevanovié, Z.: Eddy-Viscosity and Second-Moment Models...

ef— 2
and

: v
52 =-Cs(0 55,00 0o

where C; and C, are empirical constants. However, there are different proposals for
modeling @;;». Gibson and Younis [15] also use (15) and (16) for @; but with different
values of C; and C,. The closure model of Launder-Reece-Rodi [13] uses (15) for @;;;,
and the following model for @;;, by using the quasi-isotropic assumptions:

(61-3510)-Hou-3a,6) -H{ 32+ 52
(Dij,2 Sy Gij_§5i1'G —ﬂ D,j—ga,‘jG "‘}’k axj + ﬁxi (17)

where k =uu; /2 iskineticenergy of turbulence, G = Gy, /2 isproduction of turbulent
kinetic energy, and G;; and D;; are defined as follows:

T uiukmﬁ-ujukm (18)
S
D,.].=-(u,.uk o”xf +UjUy, ﬁxj) (19)

We have used more complex quasi-isotropic model for the pressure-strain
suggested by Launder [13], [20], so the term @;;is modeled as follows:

g(— _2 2

S 7 U
A{mr-300) (32200 e

i
Coefficients ¢, B and y are mutually dependent and are determined by coefficient C,:

T oURRNE o T
& =37 Y85 Hian swdeToqa08

Diffusion term %j. Stress diffusion does not contribute greatly to the balance
expressed by equation (11), except in regions of low stress production by mean strains,
in which case diffusion is called upon to balance dissipation or pressure-strain processes.
A certain degree of latitude can be exercised, therefore, in modeling diffusion without
inflicting significant damage to the closure as a whole. Lumley [16] has provided argu-
ments that indicate that the contribution of the pressure-velocity correlation to diffusion
is sub-ordinate to that of triple correlation. A rational approach to modeling the latter
group emerges upon the derivation of exact transport equations for wu;u; . It is
proposed that the triple correlations are governed by a balance between the rate of
production and redistribution processes. Such arguments lead to:

(21)
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However, it is held that diffusion contribute little the overall stress balance, and that the
symmetry in implicit approximation (22) is not consistent with the asymmetry. A simpler
form of (22) [17], which includes only the first of the three bracketed terms, has been
preferred whenever calculations for complex flow have included stress transport effects.

Thus: s
i 0 k_(}’uu]
=g ( L ] (23)

Rate of turbulent Rinetic energy dissipation ¢. There remains the task to
determine &. An exact transport equation for £ can be derived [18], but is not useful as
basis for modeling, for it contains many obscure terms correlating small-scale processes.
The modeling route is preferably based on the cascade concept and focuses on large-scale
processes in precisely the same way as it is done in the case of the k- eddy-viscosity model.
Indeed, the equation used in the large majority of second-moment model calculations of
high-Reynolds-number flows is a variant of the equation (5) used in the k-¢ model,
namely:

o _ 0 ( k )&’e
Uidx, a”xl: tCey Ja,} CafC-Cag (24)

the main difference being the use of the tensorial “diffusivity” instead of Cl,kz/o-sg,
introduced in equation (5).

Model has six constants, the values of which have been proposed based on the
experimental data and numerical optimization:

@ @ @2 AETIENGE N R Es
15 0.4 022, 145 1.9 0.15

The concentration and temperature fields model

The model encompasses conservation equations of gas components participat-
ing in the process (C,H,, O,, N;, CO,, H,O) and energy equation. To deal with chemical
reactions we have solved conservation cquations of participating specie. Equation for
mass fraction of species ”A4”, Y, have general formn:

BRjev-cug gifilagy
Ukax, = x; "4+ ax, (@A axz)’fQA (25)

The equations have been closed by means of conservation equations for
Reynolds fluxes pu;y that are of the modeled form:
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where: S, =u;o= _Cw?”iufa—xj’ and Cy; =33, C), =04, C; =015 .
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:
C,H, + 2.50, = 2CO, +H,0 + H,,, where H,, = 1.2:10° kJ/kmol is the heat effect of
chemical reaction.

Heat transfer in the flame was considered through the equation of sensitive
enthalpy h; = X;Yc,,T. Enthalpy equation has the same form as equation (25), but with

source term equal:

oP :
Sh=Uk gy, *4r+fcm, H, (27)

where term QCszH" describes the heat effect of the chemical reaction in the flame.
The term g, on the right hand side of the equation (27) represents the heat source due
to the radiation.

For the radiation heat transfer six flux model [19] is reduced, for axial-symmetric
case of purely emission-absorption radiation, to two-equation model. The diffusion type
expressions for radiation fluxes, in axial (R, = I, + J;) and radial (R, = I, + J,) directions
were used:

il

4 LﬁRx)_ il li(i.aRr)_ ail
ﬂ(ka 7% ) = KaRe—3 Kol 727 T =K.R, -3 K1, (28)

where I, is the emission power of the black body, and K, = —(1/L)In(1 - e,) is the
absorption coefficient of the medium. In the energy equation, the heat source due to the
radiation is described by the term:

g, =divQ, = Ka(R, TR = -23—1,,) (29)

Reynolds fluxes pz—ti_h: are modeled in same way as pu;y in the equation (26).

The combustion model

Determination of adequate term for ihe average combustion rate 2, that
appears in equations (25-27), is the second basic problem concerning the free turbulent
flame. However, this paper is mostly dealing with turbulence models, so it was paid less
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attention to the combustion rate model. Several different models proposed to determine
real combustion rates have been reviewed in e. g. [24].

Generally speaking, two facts complicate the determination of the combustion
rate. First, a great number of intermediate species has been identified in combustion of
the typical hydrocarbon fuel. Any attempt to simulate anything like all the corresponding
intermediate reactions would arouse large computational difficulties. Second, because
of highly nonlinear dependence of combustion rate on temperature, the determination
of the time-averaged value is far from straightforward.

Concerning the first difficulty, it is fortunate that the all important heat release
can be determined by supposing a one-step global reaction leading to carbon dioxide and
water. For practical purposes, this assuinption is used in this work. Some slight improve-
ment is probably possible by supposing a two-step reaction of the following kind. The
first step yielding to CO and H,, is rapid, and reaction rate is controlled by the turbulent
mixing. The subsequent conversion of the CO occurs in the well-mixed product ”packets”
from the first step and combustion rate is controlled by CO reaction with the hydroxyl
radical. The conversion of hydrogen is rapid and governed by availability of oxygen.

The second difficulty is avoided by expanding the Arrhenius combustion term
in a truncated series and then deriving modeled equations for the turbulence correlations
that arise out of the time-averaging. This approach suffers from two major disadvantages.
First, the retention of sufficient terms in the series expansion results in an uneconomic
number of correlation equations that has to be solved. Second, the modeled equations
for these correlations are very difficult to validate.

The alternative rout to obtain the combustion rate based on the chemical kinetic,
is to use the approximated Arrhenius relation [27], which for acetylene oxidation is:

: E
0, = AYE Y20 e ) (30)

where A = 9.5-10''and E/R = 1.51-10* K1, The obtained combustion rate is much greater
than combustion rate in the real flame.

The more effective way to circumvent the second difficulty is contained in
the fact that the time scale of the turbulence decay is typically much longer than the
chemical kinetic time scale. Practically, all the combustion occurs after mixing be-
tween the small scale dissipative eddies. We cannot make to large error by ignoring
the kinetic rate of the overall reaction and linking the combustion rate to the
turbulence decay rate.

In this paper, the model of combustion rate was based on the originally ”Eddy-
Break-Up” model, proposed by Spalding [30, 31]. According to this model, it was assumed
that the combustion reactions are controlled by the rate of turbulence production
destruction, which is characterized by the turbulence time scale of large eddies, r = k/e.
Fuel and oxidant concentrations appear as the limiting factors, and thus:

Yo,

Y16 (31)

. i
0, = Ac,y,p 7, min
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Coefficient Ac y, has a universal value of 0.53 [11], and s is the stoichiometric
ratio of the fuel and oxidant. In domain of lower temperatures, the rate is controlled by
the chemical reaction kinetics, so the combustion rate was determined as follows:

QC2H2 = min(£2y, $2,) (32)

The computational details

The complete mathematical model with eddy-viscosity approach is standard one,
but with described corrections, given in reference [3]. The second-moment model
described in the previous paragraphs consists of a set of differential equations equal in
number to the following list of unknowns: the axial and radial velocity components U, V;
pressure P; temperature T; mass concentration of related species: Yo y,, Yp,,
YN,> Yco,> Yn,05 Vvelocity variances: uu, v, ww, uv; rate of turbulent kinetic energy
dissipation ¢, related scalar variances: uf,vt, uyc, H,» YWC,H,» Wo,> VY0,s UWN,>
VYN, Wco,> Yo, WH,0, Wa,0, and total axial and radial radiation fluxes Rey It
should be noted that variance ww must be solved in second order closure equations and
cylindrical-polar coordinate frame, in spite of two-dimensional problem. The equations
written in cylindrical-polar coordinate frame have the general form:

2 1.0 _ 009,10 o 0D
L (pUD)+ 12 (o) = (1, 22) + 22 (11, 52) 45, (33)

where @ is any of the above dependent variables, and I', and Sy, are related transport
coefficients and the source terms for any particular variables @. Physical properties of
the mixture are obtained by the auxiliary thermodynamic relations. Special attention was
paid to the boundary conditions which should be posed in the "quiescent” fluid, as it has
been described by details in reference [2]. ‘

The equations are solved by the finite-volume procedure based on SIMPLE
algorithm [32, 33] and embodied in a version of the TEACH-T computer code adopted
for this purpose. The non-uniform numerical grid with 32 control nodes in radial and 45
in axial direction has been used for computations.

The computational results

The verifications of the models were performed by comparing the numerical
results with the measuremens of the mean axial and radial velocity and turbulence
intensity fields in the acetylene flame carried on by using laser anemometry [1, 29]. Also,
calculated flame mean temperatures were compared with the experimental results in
temperature range that could be measured by the thermocouples [1]. Attention has also
been paid to the deeper insight into the turbulence structure obtained by second-moment
model.
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Fig. 2 shows the experimental data and computation results for the axial mean
velocity change along the flame axis using k-¢ model (Fig. 2a), and second-moment model
(Fig. 2b). Experimental evidence shows, that in region x/D < 5, temperature increases,
e. g. density decreases. Velocity increase due to the gas expansion is dominant compared
to the flow deceleration due to the shear stresses at the front of the flame, leading to the
acceleration of the flame jet in this region. Evidently, this effect is captured by second-
moment model (Fig. 2b), nevertheless, less pronounced in the model than in the
experimental data. It must be pointed out that this effect could not be obtained by
eddy-viscosity model (Fig. 2a). Once it begins, temperature decrease in the flame helps
the velocity decrease along the jet axis in region x/D > 5. Also, it is evident that agreement
between numerical and experimental data in this region is much better in second-moment
model then in k-¢ model. Excess air in the premixed mixture may be used to influence
the position of the region of velocity decrease. The mixture richer in fuel yields higher
temperatures and the slower velocity decrease. Velocity change along the flame axis is
also influenced by the exit velocity values at the nozzle outlet. High exit velocity at the
nozzle outlet causes wider flame front, probably due to the dependence of the flame
spreading rate on the velocity of the incoming gas flow. The mentioned influences on the
flow characteristics of the flame are hard to express quantitatively, since every flame is
unique in its own.

7 22 -2
E-?g}' : o""‘o 'O Experiment -E-fgL B ©  Experiment
D el %Coobg  —e— kemodel | 2 TREN —e— k& model
14} 141
125 124
10} 10 %"a\
8r 8 o
o\o
6} 6 o
4f 4
2+ 2]
%5 10 15 20 25 30 85 °o 5 10 15 20 25 30 35
(a) k- model - x/D (b) second-moment model x/D

Figure 2. Mean velocity along the flame axis

On Fig. 3, computed radial mean velocity profiles are shown at different axial
locations. Radial velocity profiles, obtained by both models and experiment, become
similar to the common shape profile at ten diameters downstream. Such behavior was
expected due to the self-preservation of turbulence in fully developed region. Experi-
mentally determined radial velocity profiles [1, 28] in the shape of the saddle at the
cross-sections near the nozzle outlet have not been adequately reproduced by the models.
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Figure 3. Radial profiles of axial mean velocity

A similar situation has been obtained for the plane jet [5] and explained by the inability
of the models to encompass the secondary flows in the plane perpendicular to the jet axis.

The comparisons of the experimentally obtained and calculated parameters of
the flame flow field have also been made for turbulence intensity along the flame axis,
Upps = Juz, (Fig. 4). It has to be noticed that variance uu is calculated from:
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Figure 4. Turbulence intensity along flame axis
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in case of k-¢ model, ard that in case of seccond-inement model it was obtained from its
transport equation. Considering-the complexity of the problem, computation results
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obtained by second-moment model, despite the obvious deviations, can be accepted as a
successful turbulence intensity prediction, especially in the region x/D < 10 (Fig. 4b).
Generally spiking, mean vleocities and turbulence intensities are the only com-
putational ddta obtained by k- turbulence model, which can be compared with the results
of the second-moment model. Comparison of those fully comparable parameters, shows
that second-moment model has a great superiority. On the other hand, second-moment
model gives opportunity for more detailed analysis of turbulent structure via calculated
Reynolds stresses and fluxes, that is out of k-¢ model possibilities. On Fig. 5, 6 and 7,
calculated profiles of the mean turbulent normal stresses u*,v> and shear stresses uv
are shown. Stress profiles in tangential direction w? have practically the same shape as

% o ——/DI= 4 B aE H
o L5 _ 6 0 ] A —o—xD=1.4
E IR T80 sdfi \ —o—x/D= 6.3
|N= —&— X/D = 3 ) -&—- \
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Figure 5. Radial distribution of turbulent Figure 6. Radial distribution of turbulent
stress 1?2 : stress V=
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the v? , with approximately 20% higher values. Figures 5, 6 and 7 show the level and
anisotropy of turbulence in particular regions of the flame, and can be used for more
detailed theoretical analysis of the transport processes in the flame. With the same aim
on Fig. 11, 12 and 14, radial profiles of turbulent fluxes uy;, vy;, uf and v¢ are shown.
In Fig. 8, change of the mass concentrations of the chemical components along
the flame axis have been shown. To illustrate combustion process, on Fig. 9 and 10,
calculated radial profiles of carbon dioxide and oxygen mass concentrations at particular
axial locations are shown, respectively. From these figures, the extension of the flame
front in radial direction, as well as, entraiment of the fresh air in the jet beyond the flame
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Figure 11. Radial profiles of turbulent
flux uy;
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Figure 12. Radial profiles of turbulent
flux vy;

front can be noticed. It can be seen from iso-
therms (Fig. 13), that near the nozzle exit the
flame temperature increase is sharper at the
flame edge than alonge the flame axis. 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 velocities in this region.

Conclusion

The described turbulence models are based
on the elliptic partial differential equations, but
represent the qualitatively different ap-
proaches. An original suggestion for k-¢ model
correction for axysimetric flows proposing Cp,
dependence on temperature, was made. How-
ever, the corrected model should be verified
with more detailed experimental data, so it can
not be treated as a general correction proposal.

The application of the second-moment
model provides a powerful tool for improving
the prediction accuracy of premixed free
flames. As it is demonstrated by comparing of
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the numerical and experimental results, the modeling of observed anisotropy levels and
correlation coefficient must be carried out with special care. The model provides insight

into the structure and aerodynamic characteristics of the flame.
The problem of modeling the free flames has only begun to be solved in this

paper. First of all, the model should be verified with more detailed experimental data. A
modern approach to the modeling of combustion requires attention to be paid to the
turbulent density fluctuations. It means that the models have to be developed with Favre
averaging or turbulent correlations with density fluctuations. Also, a more detailed
analysis may be required for the modeling of the chemical reactions, especially formation
of char in the flame.
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Nomenclature
A=l - combustion rate constant
Cl-] — turbulence model coefficients
D, — Reynols stress diffusion term
D [m] — orifice diameter
— activation energy

e[-] - emissivity

- — chemical reaction heat effect
h[Ikg™] — enthalpy
I,J [Wm™) - heat radiation intensity
k [m?s7?) — turbulent kinetic energy
L [m] - mean beam length
P [Nm?] - mean static pressure
P — pressure fluctuations
q [Wm?] — heat flux
0 [W] — heat flow rate
R — gas constant
R, R,[Wm™] - total radiation fluxes
r[m] - radial coordinate
s'[=] — stoichiometric ratio
T [K] - temperature
t[K] — fluctuating temperature
U [ms™] — mean velocity components, U, V'
u; [ms™] — fluctuating velocity components
x; [m] - coordinates
Y, [kegkg™] — mass concentration of component 4
y4 [kg'kg™] — fluctuating mass concentration of compcnent 4
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Greek symbols

a — second-moment model constant

B — jet spread coefficient, second-moment model constant
y — second-moment model constant

I — transport coefficient

) [mJ — jet width, where U = U,,,/2

£ [m s"31 — rate of turbulent kinetic energy dissipation
u[kgm™s™] - dynamic viscosity

v[m’™] — kinematic viscosity

p [kgm™] — density

Q2 [kg'm3s!] - average combustion rate
@ [kgm?s™] - fluctuating part of combustion rate

@ [varies] - general dependent variable

7 [s] — turbulence time scale

6 — correction factor in k-¢ model

Subscripts Superscripts

a — absorption ~ — instantaneous
b — black body (=) - time-averaged
g - gas

i, , k, I — tensor notation indices

i — turbulent

r — radial direction, or radiation

x — axial direction
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