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ABSTRACT

In this work we present a complete model for the descrip-
tion of partially premixed turbulent flames in technically
relevant combustion regimes. These flames are the most
commonly encountered in engineering applications. The
closure is based on the extension of the well-known Bray-
Moss-Libby model. In fact, the BML model is coupled to
the mixing transport model providing variable equivalence
ratio that distinguishes partially premixed flames. Simple
equilibrium chemistry model describes the expansion ratio
and species formation conditioned on the flame front. A pre-
sumed PDF approach is used for the turbulence-chemistry
interaction treatment. Two main aspects are investigated:
(i) An algebraic closure for the mean reaction rate in the sin-
gle reactive scalar transport equation is formulated based on
the flame surface density approach and on the assumption
that the flame surface has a fractal character. The influence
of the fractal dimension in the model is estimated. (ii) Two
levels of complexity of turbulence models are employed in
order to examine the importance of the second moment tur-
bulence closure in the presented approach. Redistribution
terms in second moment transport equations are extended
to take into account strongly variable density effects. These
submodels are then combined in various complete models
and assessed simulating piloted partially premixed flame.
The results obtained with the complete second order clo-
sures for the velocity and single reactive scalar correlations
show the best agreement with experimental data for flow
properties and species distributions.

INTRODUCTION

Turbulent partially premixed flames take place in a huge
amount of technical devices and applications such as inter-
nal combustion engines, modern gas turbine combustors etc.
The importance of their fundamental understanding as well
as possible prediction is difficult to underestimate. The main
feature differing them from pure diffusion and pure premixed
flames is that both mixing and flame propagation processes
play a significant role controlling the whole system. The
most modelling efforts during the last time have been un-
dertaken in investigations of turbulent diffusion flames. The
attention of researchers to premixed flames was limited to
some idealized one-dimensional configurations where an at-
tempt was made to provide a closure for the turbulent flame
speed. It has resulted in a number of ”one flame” models
being of small use in practical engineering computations.

Thus the objective of this work is the development and
assessment of a complete model for the description of par-
tially premixed turbulent flames in technically relevant com-
bustion regimes. Several modelling approaches were pro-

posed in the last decades for the description of turbulent
premixed flames (Bray 1994, Peters 2000). Containing a
great potential in application to LES or DNS context the
so called G-equation model (see Peters 2000) requires enor-
mous computational efforts due to its coupling to a level-set
method. Furthermore an advantage of this approach in
RANS context is not obvious. The single reactive scalar
approach or well-known Bray-Moss-Libby model (Bray et
al. 1994) is implied in the present work in conjunction with
mixing transport in order to provide variable equivalence
ratio. Several modelling aspects such as velocity and scalar
turbulence modelling and application of fractal theory to
an algebraic closuring of the flame surface density are pre-
sented and discussed in the next sections. The resulting
model is further assessed. Predictions of flow properties and
species distribution are provided for the partially premixed
methane/air jet flame at two different Reynolds numbers
experimentally investigated by Chen et al. (1996).

MODELLING APPROACH

Mean flow and scalar field

Assuming thermochemically constant pressure the in-
compressible variable density Favre averaged continuity and
Navier-Stokes equations are applied for the description of the
mean flow field. Neglecting viscous terms at high Reynolds
number they are given by
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The modelling of the unclosed Reynolds stresses is post-
poned to the next section. The thermochemistry is described
by means of the single reactive scalar defined as a dimension-
less temperature:
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where subscripts ”"u” and ”b” correspond to unburned and
burned flame side, respectively. The influence of the heat
loss due to the radiation on the flow properties is assumed
to be negligible that is also the case for the considered non-
confined flames. For a given expansion ratio
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using infinitely thin flame surface assumption (Bray et al.
1994) resulting in a bimodal PDF for ¢ an algebraic relation
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for the mean density can be derived:
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A Favre averaged transport equation for the single reactive
scalar is given by:

% + b—i;(ﬁﬁja = b—i;(—ﬁc”u}’) + S (6)
where S¢ is the mean reaction rate. To extend this model
to the partially premixed combustion, we account for the
changes in equivalence ratio appearing in partially premixed
flames by introducing an additional conservative scalar, the
mixture fraction £&. The expansion ratio 7 varies with the
equivalence ratio ¢ which in turn can be directly related to
the mixture fraction 7 = 7(¢). Expansion ratio in expres-
sion (4) is calculated from the adiabatic flame temperature
Ty using an assumption of chemical equilibrium. Similarly
to the adiabatic flame temperature the chemical equilibrium
values for different mixture fractions can be taken for the
stable combustion products’ concentrations. This approach
is usually followed in case of a pure diffusion flame. To ex-
tend it to the partially premixed flame the mass fractions of

_ combustion products X2 (£) taken under condition of being
on the burnt side of the flame front must be multiplied by
the probability p® of being behind the flame front:

Xa(€,p") = X2 (6)p° (7)

In our case this probability can be directly related to the
single reactive scalar p® = ¢. So that

Xa(£,9%) = X2(E)c (8)

In order to account for the strongly non-linear turbulent-
chemistry interaction a presumed PDF approach is intro-
duced. The PDF is assumed to have a form of a beta-
function constructed from the mean and variance of the
mixture fraction. The mean valfggs of the expansion ratio
7 and "burned” mass fractions X§ are thus obtained from
the PDF integration:
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Again assuming a bimodal PDF of ¢ (Bray et al. 1994) one
can show that
Xa(@£87) = X5 (£,87) (11)

The dependencies 7(¢, E’\’E) and X} (€,£'"2) are stored in a
look-up table that is interpolated during the calculations.
For the mean mixture fraction E and its variance £"2 the
following transport equations have to be solved:
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Though more complex and sophisticated in terms of chemi-
cal kinetics models for the species formation can be applied
(see Maltsev et al. 2003). It is, however, not the main focus
of the present work. The correlations appearing from the
averaging in (2),(6),(12) and (13) as well as mean reaction
rate in (6) need to be closed. This is the topic of the next
sections.

Velocity and scatar turbulence closure

The unclosed Reynolds-stress correlations in (2) and
scalar fluxes in (6) and (12) are closed, first, using simple
Boussinesq
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and gradient diffusion hypothesis
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Here 9 corresponds to a general scalar and g to its turbu-

lent Schmidt number. k = éu” u} is the turbulent kinetic

energy and p¢ = C,Lﬁi“; - turbulent viscosity. For the deter-
mination of ¢ a linear k — ¢ model (Jones & Launder 1972)
is here applied. The transport equation for k& and e solved
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where P = p—p' is the mean pressure. Secondly, a complete
second moment closure (SMC) with six additional Reynolds
stress transport equations!
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!Here the pressure dilatation term is neglected
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and three scalar flux transport equations for the single reac-
tive scalar / velocity correlation vector
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are used. For the turbulent transport terms in (18) and (19)
the simple isotropic model of Shir (1973) is employed
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Dissipation term in (18) is modelled by assuming a local
isotropy of the small scales

2
Eij = 565”‘ (22)

Similarly to equation (17) the following e equation in its
modelled form has to be solved?:
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According to the BML theory the exact expressions for the
Reynolds averaged Favre fluctuations of velocity and single
reactive scalar appearing in (16)-(23) (preferential accelera-
tion terms ®;;, ®;.):
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can be derived. To close the redistribution term in (18),
gbR, and scrambling term in (19), ¢]C, following Lindstedt
et al {1999) an extension to the constant density redistribu-
tion models with additional terms comprising a preferential
acceleration part is used here in conjunction with linear re-
distribution models for the Reynolds stress (Launder et al.
1976} and scalar flux (Launder et al. 1979). Modelled form
of redistribution terms is thus given by the sum of a constant
density part (superscript *CD”) and a preferential accelera-
tion part (superscript ”A”):

of = o + of (26)

2Here again the model of Shir is applied for the turbulent
transport

Table 1: Model constants

T Tk O¢ Cu Cs Ce1 Ce2 Ce3

0.7 1.0 1.3 0.09 0.1 144 1.9 1.44

G O Cs Cy C{ G5  Ca, Ca,

15 -0.58 0.764 -0.18 3.0 033 -1/3 -0.3

¢35 = ¢SP + of (27)

The constant density parts are given by

cD - C Ii, 9’ 25,, + Cou’! uaﬁ&,,
¢ij = p} —Li¢ % —gl_] 22Uy ‘a—ml—z]

ou; o, O ot Ouj
— ot 229 1,10 Caik i J
C’3<u kaxk+" u,Ca )-f— 4 <6mj+6zi)
6 Bﬁk
(28)

—~— OU;
D S
qﬁjcc p( (71 P u”c" csulle! axj ) (29)

while the preferential acceleration parts are expressed as:
A 1
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The modelled dissipation term and chemical correlation term
in (19) are combined in one modelling expression:
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All the model constant values used can be found in table 1.

The unclosed turbulent flux in (13) is modelled both in
the case of k£ — ¢ and SMC models by means of the gradient
diffusion hypothesis:
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The dissipation term in (13) is approximated through the
inverse integral turbulent time scale:
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Mean reaction rate closure

We use the flame surface density approach to approxi-
mate the mean rate of formation of the single reactive scalar.
In this approach the mean rate of formation is given by a
product of unburned density p,, laminar burning velocity
u‘i, that depends on the mixture fraction in partially pre-
mixed flames, and the flame surface density ¥:

S—c = Pumljz (35)

In this work the laminar burning velocity was obtained by
fitting the experimental data of Law (1993) for methane/air
combustion system. Stretching is not considered here, since
such ad-hoc formulations always lack generality and just
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introduce.an additional uncertainties. Therefore, the un-
strained laminar value of u§ is directly used in (35). Sim-
ilarly to the expansion ratio, the functional dependency
uY (€) from the data of Law (1993) is pre-integrated accord-

ing to (9) and the mean value of E(é',@?), stored in a
look-up table, used in computations.

The modelling of the flame surface density, that measures
the flame front convolutions, is the most crucial aspect of the
present model. An exact balance equation can be derived
for this quantity. This equation, however, contains lots of
unclosed terms which modelling requires an empirical input.
The model used here is that based on the assumption that
the flame surface has a fractal character (Gouldin 1987) with
inner cut-off to be equal the Kolmogorov scale n and outer
cut-off to be equal the turbulent integral length scale l¢. This
results in an algebraic closure:

D-2 ’
gL (l_) (36)
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with D being a fractal dimension. D must be between 2 and
3: theoretical analysis of Mandelbrot (1975) suggests two
boundary values 2% and 2%; experimental investigations of
Sreenivasan et al. (1986) in turbulent shear flows show that
constant property surfaces in these flows are fractal with D
between 2.35 and about 2.6. Substitution of expressions for
the length scales

372 374
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into expression (36) yields

D-3 2-D
k3/2 L3/4

Expression (38) is true if the flame surface is distributed
randomly in a given volume or if the probability of find-
ing flamelet in given volume is equal unity. From the BML
theory this probability is equal to ¢(1 — €) and the final ex-
pression for the mean reaction rate is

- . 4372 D=3/ a4 2-D
Se = puuld { CL vz g1-¢ (39
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The scaling constant Cp in (37) was found to depend on
the Reynolds number Re, based on the Taylor length scale
A. The scattering of a big number of experimental data on
the decay of isotropic turbulence in the study of Sreenivasan
(1984) shows the constant Cy to asymptotically approach
the value C;, = 0.41 as Rey > 50. Assuming the Reynolds
number sufficiently large this value is also used in the present
work. Lindstedt et al. (1999) assumes the fractal dimension
to be D = 7/3 (the lower boundary suggested by Mandelbrot
1975) resulting in an elegant model for the flame surface

density
1 €

S=Cr——
B we)/ik

(40)
with Cg to be a constant of order of unity. But this param-
eter had to be tuned to Cr = 2.6 in the work of Lindstedt
et al. (1999) in order to reproduce the measurements in a
counter flow premixed flame configuration. That is why this
. practice is not followed here. We believe that rather the
fractal dimension D should be a free parameter. This pa-
rameter should depend on the turbulent Reynolds number
that is clearly demonstrated by our simulation results.

NUMERICAL PROCEDURE

The governing equations were integrated in the three-
dimensional CFD code FASTEST-3D. The program fea-
tures a finite volume based, geometry flexible code for the
block-structured, non-orthogonal grids with SIMPLE simi-
lar implicit velocity pressure coupling procedure. A TVD
based discretization scheme with automatical flux blend-
ing is applied to convective fluxes and central differences
scheme to diffusion fluxes in momentum and scalar transport
equations. Thus the optimal suppression of numerical diffu-
sion is achieved while avoiding oscillations and proving high
convergence rate. The test cases investigated here are two-
dimensional (axisymmetric) and statistically steady. Thus a
computational domain consisting of a 15 degree sector with
symmetry boundary conditions in tangential direction is suf-
ficient for the simulation. Unsteady terms are neglected and
the whole equation system is underrelaxated until a steady
state solution is achieved.

INVESTIGATED CONFIGURATIONS, GRID AND BOUND-
ARY CONDITIONS

Two stoichiometrically premixed piloted methane/air jet
flames at different Reynolds numbers experimentally investi-
gated by Chen et al. (1996) are simulated for the assessment
of the whole model. Three configurations with different
Reynolds numbers were measured by Chen et al. (1996)
in order to have a comprehensive data basis for different
combustion regimes appearing in the combustion classifi-
cation diagram by Peters (2000). In the present work
the flame configurations "F2” and ”F3” are investigated.
The main features of these flames are: Reynolds number
Re = 40000 for "F2” and Re = 24000 for "F3” flame, jet
diameter D = 0.012 m, jet bulk velocity Ups = 50 m/s for
»F2” and Ug = 30 m/s for "F3” flame, pilot bulk velocity
Up = 0.22 m/s. Both jet and pilot flow are stoichiometri-
cally premixed. LDA measurements of velocity field as well
as scalar and temperature measurements with Rayleigh ther-
mometry and Raman/Reyleigh LIPF-OH techniques were
provided up to z/D = 8.5 in "F3” and up to z/D = 10.5
in ”F2” flame. According to the estimations of Chen et al.
(1996) both these two flames are located in the technically
relevant distributed reaction zone in combustion diagram.
In this zone the Kolmogorov scale 7 is still less than the
reaction zone thickness and , thus, the thin flame surface as-
sumption used in the BML theory is applicable. The flames
were simulated using axisymmetrical two-dimensional grid
with computational domain of 80Dx30D discretized with
100x80 cells in axial and radial direction respectively. The
inflow data for mean velocity and turbulent quantities were
taken from LDA measurements of Chen et al. (1996). The
inflow dissipation rate ¢ was defined using empirical rela-
tion ¢ = k3/2/l; with constant turbulent length scale
l; = 0.002m. For the mixture fraction, the stoichiometric
value fs¢ = 0.055 was specified at the jet and pilot inflow.
The value of € was taken to be zero (unburnt) on the nozzle
exit and unity (burnt) at the pilot flame.

RESULTS AND DISCUSSION

Using the same combustion model, numerical calcula-
tions with complete second order moment closures for ve-
locity and scalar fields as well as with the standard k — ¢
model combined with gradient diffusion transport for the
single reactive scalar were performed. The free parameter
in the mean reaction rate model (39), fractal dimension D,
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was set to the value of D = 7.3/3 in ”F3” and D = 7.5/3
in "F2” flame. With these values thc best agreement with
experimental data could be achieved. It should be noted
that these numbers surprisely locate within the theoretically
postulated (Mandelbrot 1975) and experimentally observed
(Sreenivasan 1886) boundaries, approximately D = 7/3 and
D = 8/3. This fact confirms a suggestion that the fractal
dimension should be a function of the Reynolds number be-
cause only the Reynolds number varies in these two flames.
Unfortunately no systematical experimental investigations
exist on this subject. Though it would be a great advan-
tage and could significantly generalize the presented model
formulation. The simulation results are presented in Fig.
1-10. The quantities are plotted along the radial direction
at axial position z/D = 8.5 for the flame”F3” (left) and at
#/D = 10.5 for the flame "F2” (right). These are the latest
downstream position provided by the measurements. Fig.
1 and 2 show good reproduction of the mean axial velocity
with small superiority of the SMC though the differences
to the experimental data for the flame "F3” are bigger. It
slightly contrasts, however, with the prediction of the mean
single reactive scalar (Fig. 3 and 4) where in both two con-
figurations an excellent agreement is achieved with the SMC
while the & — ¢ based model clearly fails particularly in ?F2”
case. The agreement of the simulation results for the turbu-
lent kinetic energy (Fig. 5 and 6) is also found to be better in
"F2” flame. Similarly to the mean velocity in both two con-
figurations the turbulent kinetic eneigy is better captured
by means of the SMC based model. The concentrations of
the main products of methane combustion, mass fractions
of CO (Fig. 7 and 8) and HyO (Fig. 9 and 10), are pre-
dicted well with slight discrepancy on the outer side of the
Jet. It may be probably caused by the simplicity of the
equilibrium chemistry model used. However, the measured
results should be considered more carefully. Indeed it is a
well known fact that the COy concentration directly corre-
lates to the temperature in hydrocarbon flames. The Fig. 3
and 4 show that the maximal mean temperature is still less
than its adiabatic value that is also very good reproduced
by the model. It is, therefore, surprising that COs can reach
such a high level at the same spatial locations in measure-
ments. The same remark can be made on the prediction of
H30 mass fraction.

CONCLUSION

To summarize, it clearly appears that the proposed clo-
sure can be successfully applied in the technically relevant
distributed reaction zone regime of combustion diagram (Pe-
ters 2000) if the fractal dimension depends on the Reynolds
number. It is confirmed by the simulation results of two
flames at different Reynolds numbers located in the dis-
tributed reaction zone regime. How the dependency of the
fractal dimension on the local turbulent quantities can be
formulated is still open. The experimental investigations on
this subject are necessary and would be appreciated. The
second but also important fact is that the combination of the
proposed combustion model with the complete second order
closures for the velocity and single reactive scalar correla-
tions performs well and provides the most accurate results
in predicting flow properties and species distribution in par-
tially premixed flames.
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Fig. 4: F2. Single reactive scalar at /D = 10.5
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Fig. 6: F2. Turbulent kinetic energy at z/D = 10.5
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