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Abstract

This work aims to compare numerical results obtained by using the Monte Carlo composition-PDF method and a
presumed-B-PDF in order to reveal their effects on the prediction of flow and scalar fields in swirling confined methane
diffusion flame. Using the intrinsic low dimensional manifolds method for modelling the chemistry and a second
moment closure for the turbulence, it is shown that both PDF-methods provide a similar accuracy level of the pre-
diction of mean quantities. While the presumed-B-PDF performs using reasonable computational efforts, the Monte
Carlo-PDF allows to capture well the turbulence—chemistry interaction and strong finite-chemistry effects such as local

extinction. © 2002 Published by Elsevier Science Ltd.

Keywords: Prediction; Turbulence—chemistry interaction; Swirling confined flame; PDF methods; Combustion; Swirling; Turbulence

1. Introduction

Two major objectives in modern design of technical
combustion systems, in which heat and mass transfer
play a central role, are optimisation of combustion ef-
ficiency and reduction of pollutants, such as nitric oxides
or carbon monoxide. In order to meet these require-
ments, the application of computational fluid dynamics
(CFD) has become a popular tool for predicting flow
phenomena and therefore for designing complex three-
dimensional flow systems as i.e. combustion chambers of
gas turbines [2] in which swirling flows are indispensable.
Characterised by recirculation of hot combustion
products along with strong turbulence—chemistry effects,
swirling confined reacting flows belong to the important
and challenging tasks in modern CFD.

Different approaches to describe the nonlinear nature
of turbulence—chemistry interaction capturing finite-
chemistry effects for the accurate prediction of pollu-
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tants can be found in the literature. All approaches use
turbulent combustion models which make use of stat-
istical properties of the scalar field.

Solving for the transport equation of the probability
density function (PDF) [32] represents an attractive
approach, because it contains the full statistical infor-
mation. The transport equations for either the joint
composition PDF (all considered species mass fractions
and temperature) can then be solved, or the joint
velocity—composition PDF is solved [14,33,34]. Using
the Monte Carlo methods may be the only computa-
tionally efficient manner. While a major advantage of
this approach is the closed representation of the chem-
ical source term, it suffers from significant computing
time and storage expenses as well as other modelling
imperfections for the molecular diffusion. In general,
reduced chemistry has to be used since the computa-
tional expenses are proportional to the number of spe-
cies mass fractions in the PDF. Because of uncertainties
in modelling the molecular diffusion, it may be regarded
most applicable when molecular diffusion is not very
important, such as in flames with slow chemistry at low
Damkohler numbers.

Most of the published Monte Carlo scalar-PDF
simulations nowadays are applied to comparatively
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Nomenclature

C {i=1,2,3,

4. b,s, 1,1} model coefficients

C,, C, {i=1,2,3} dissipation equation model
coefficients

Cijx turbulent transport tensor

D diffusion coefficient

f mixture fraction

k turbulent kinetic energy

/ turbulent length scale

MPG; density—velocity-fluctuations
correlation

P probability density function
(PDF)

P, probability density function of
quantity ¢

Py production tensor

S, source term of species o

S swirl number

R radius

Re Reynolds number

T temperature

t time

u,u; velocity vector

u,v,w axial, radial, tangential

- component of velocity

! Reynolds stress tensor

W, chemical reaction rate of
species o

x; = {x,»,z} Cartesian coordinate vector

Y, mass fraction of species o

Greek symbols

p beta-PDF

0jj Kronecker delta

g dissipation rate of turbulent
kinetic energy

v kinematic viscosity

u dynamic viscosity

II; pressure—strain correlation

o mass density

a Schmidt number

@, ¢ arbitrary scalar quantity

Subscripts and superscripts

o species o

t turbulent

! difference from conventional
mean value

" difference from Favre mean
value

Symbols

- conventional mean value
Favre averaged mean value
() expected value

) conditioned mean quantity

simple flame configurations. Only few simulations of
technical combustion systems have been carried out
[1,6], however, on the basis of the assumption of
chemical equilibrium for the reactions. Another way of
turbulence—chemistry coupling applies a Linear Eddy
Model which is a method of simulating molecular mix-
ing on a one-dimensional domain embedded in a tur-
bulent flow. This method accounts for the small-scale
turbulent dynamics in order to construct a joint-PDF
instead of assuming its shape [10,20].

Alternatively, the shape of the PDFs can be pre-
sumed implying the solution of the transport equations
of the parameterisation variables, such as mean and
variance of certain quantities [11,16]. The functions for
the shape of the PDF depend in general on these
statistical moments of the composition space variables
[25]. Nevertheless, up to now mostly one-dimensional
presumed-PDFs have been widely used [17] and com-
bined with equilibrium chemistry or the laminar flamelet
model. In the laminar flamelet model, the thermo-
chemical state is determined by the mixture fraction and
a second parameter that takes into account non-equi-

librium chemistry [28,29]. The mixture fraction statistics
are usually approximated by calculating the mean mix-
ture fraction and its variance by modelled transport
equations. The PDF of the mixture fraction is then
constructed by assuming a certain shape, for example a
clipped Gauss function or a B-function depending on the
mean and the variance of the compositions space vari-
ables as parameters. The mean thermochemical vari-
ables are calculated using this PDF and the (nonlinear)
relationships that exist between the mixture fraction and
the instantaneous thermochemical variables. This con-
cept allows then to avoid the evaluation of the mean
reaction rates, which is the central problem here. Valid
for flames in which fast chemistry is predominant, it
naturally treats molecular diffusion including differential
diffusion effects if the model does not fail in predicting
the behaviour of the mixture fraction. It predicts there-
fore flame structures well but fails for minor components
formed by slow chemical processes. This problem is
overcome by the unsteady flamelet model [31] on the
expense of larger computational effort. Conditional
moment closure [4] is also an attractive approach
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applicable to arbitrarily complex chemistry mechanisms,
but it entails an increased dimensionality of the inter-
action problem.

Gutheil and Bockhorn [11] have constructed a three-
dimensional joint PDF based on clipped Gaussian dis-
tribution, whose shape is defined by a large set of
parameters. Janicka and Kollmann [16] have calculated
mean radial concentrations in diffusion flames using a
two variable formalism. They have applied several shapes
for the PDF, namely combinations of - and 3-functions.

If required, the turbulence is taken into account in all
these approaches through turbulence models separately
implemented in an appropriate CFD code. Many
authors have presented various complete models in the
past. Jones and Kakhi [18] combined a k—¢ turbulence
model and a full Reynolds stress model with a scalar
Monte Carlo approach, respectively, to compute a tur-
bulent methane-air jet diffusion flame. Chen et al. [5]
used a second-order turbulence model in combination
with a five-variable PDF. Focused on the description of
the chemistry mechanism by using the laminar flamelet
method and the so-called intrinsic low dimensional
manifolds (ILDM) approach, a presumed-PDF method
and a Monte Carlo-PDF (MC-PDF) approach have
been accounted for in [12,13,22].

It must be observed that, the lower moments of the
PDF variables, serving as input values for the multi-
variate presumed-PDF model used in [13], have not been
presented. Furthermore, no systematic comparison of
the coupling models has been carried out for confined
configurations. Indeed, in [13] a CFD-code with a non-
linear turbulence model of second order (SSG model)
has been coupled to the PDF-subcode by using a post-
processing interaction approach, so that only the impact
of the chemistry mechanism on the species concentration
and temperature could be accounted for. To investigate
the impact of the turbulence-chemistry interaction on
flow and scalar fields, an iterative exchange approach is
rather needed.

The present work is therefore focused on a compar-
ison of PDF methods in order to investigate the impact
of turbulence-chemistry interaction modelling on the
prediction of flow and scalar fields in swirling confined
reacting flows. In other words, this comparison is meant
to analyse the difference that can be expected when
utilising two different computational coupling models
for the description of turbulence—chemistry interaction.
From a theoretical point of view, emphasis is put on the
validation of a presumed-B-PDF model by means of the
MC-PDF method.

2. Applied models

In general, a complete statistical model for the de-
scription of turbulent flames consists of a turbulence

closure and a chemistry mechanism; these two are
combined by an appropriate closure assumption for the
treatment of the turbulence-chemistry interaction.

2.1. Turbulence closures

The Favre-averaged Navier—Stokes equations are
closed by solving the unknown Reynolds stress tensor
on a second order level of closure. In the physical
modelling and in simulation, this enables to capture the
strong streamline curvature and recirculation of the in-
vestigated reacting flow. For solving the transport
equations of the Reynolds stress tensor, u/uj, in its
statistically stationary case, the linear model of Jones
and Musonge [19] in its revised form [17] is used for
the pressure-strain correlation, IT;;, in contrast to the
nonlinear SSG-model used in [13]. The density—velocity-
fluctuations correlation, MPG;;, is modelled with well-
established assumptions [30] and the model of Daly and
Harlow [8] is applied for the unknown turbulent trans-
port term, Cyj.

Throughout the paper, the variables xk,ﬁ_,-,lz,é,ﬁ,]_y
and v represent spatial coordinates, Favre-averaged
velocity, Favre-averaged quantities of turbulent kin-
etic energy and dissipation rate, mean density, mean
pressure and kinematic viscosity. The quantity u] rep-
resents the Favre-fluctuating part of the velocity and P;
is the production of u/uj. 6;; is the Kronecker delta.

Because of self-consistency of the paper, let us sum-
marize these closure relations whilst the model coef-
ficients used are given in Table 1.

u/f u//

juy 2 — Ol
H,,——Clp5< /}j —56-) + G Pl

m axm

ij
~( Ou;  Ou;

—C5pP; + Cypk | — +=—
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Table 1

Turbulence and scalar flux model coefficients
Coefficient Value
Cy 3.0
C, 0.44
G 0.46
Cy 0.23
C, 1.4
C, 1.9
C,, 0.95
C, 0.18
C; 0.22
Cp 0.2326
C, 0.09
0. 0.7
CTZ”z 07
C, 2.0
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In these relations, the turbulence dissipation rate is as-
sumed to be isotropic and determined from its evolution
equation of the form

opéiy) _ . _E o 0 B & ol
C = N_ C}‘ = C‘F = _l
Ox; pk " 0x; 2P k * kP
p 0 08 k — 08
Ly vt Cp=uul — . 3
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2.2. Mixing and chemical models

The chemical mechanism is obtained using a de-
scription based on ILDM [26,38-40]. Applying an
eigenvalue analysis of the chemistry mechanism, only
the locally slowest time scales are considered for the
approximation of the chemistry mechanism. In this
work, the full mechanism and details for the ILDM re-
duced mechanism for CHy—air system are described ac-
cording to Schmidt et al. [38]. A three-scalar mechanism
emerges from this procedure, which results in look-ta-
bles with coordinates associated with the representative
scalars being the mixture fraction f (assuming equal
diffusivity) and two reaction progress variables, namely
the mass fractions of carbon dioxide and water, Yo, and
Yu,0, respectively. All interesting information (e.g. the
chemical composition, chemical rates of formation,
temperature and density) is therefore stored in the tables
as a function of the mixture fraction and the reaction
progress variables only.

Provided a current state in scalar space then
parameterised by the vector ¢ = (f, Yco,, Yi,0), the
motion along the two-dimensional manifold is given by
the rate of change of the reaction progress variables.
From a chemical point of view, the two reaction progress
variables are both reaction products which are corre-
lated. Note that the description via two reaction progress
variables is equivalent to a global two-step mechanism
except for the advantage of using locally always the two
slowest, hence most appropriate, reactions. Hence, dur-
ing the CFD simulation transport equations of the means
and variances of the reaction progress variables

o(pYi;) 0 o7, —
g D _ NY// 4
o, o \ PP, PN (4)

*~_f\//7 " v
a(pulYaz ):i (pDaY ) _zﬁ //Y//aY“

ox; Ox ox; Ox;
o(puY”) _ oY’ oy
B ( Ox; )_pDax- ox; +2Y” * ()
1 1 1

Ta

are solved. Transport of mixture fraction f'and variance
£ is described by the same equations with the source
term being identical zero. Scalar fluxes are modelled
with eddy viscosity assumptions of the form

— /i oz
_ﬁul_zl/:ﬁq‘—/(c_z and
[ 6x,~ (6)
— CcR/io
—pur = OOy
g Ox;

while the scalar dissipation is modelled assuming a
constant time scale ratio

B~
Xy = z;z’ﬂ (r=1/r2). ()

Note that contrary to [13], the value o, = 0.7 appears to
be appropriate here (see Table 1).

To determine the mean quantities p, Ww,, and Y/W"
occurring in these equations, besides the knowledge
about the chemical kinetics in the flame one requires
statistical information about the influence of turbulent
processes on these kinetics, because these terms are
highly nonlinear dependent on the composition of the
gas mixture and temperature.

2.3. Interaction models

In this study two different ways to implement the
ILDM model within a PDF approach with respect to the
coupling to the turbulent flow fields are considered. The
multivariate presumed-PDF model and the transport
equation of the joint composition-PDF solved by using
a Monte Carlo-method.

As details of these methods are available in the lit-
erature [13,22], only a summary overview is given.

2.3.1. Multivariate presumed-PDF model

In order to account for the turbulence-chemistry
interaction a three-dimensional PDF defined via a pre-
sumed joint-PDF approach can be applied. The Favre-
averaged value of some arbitrary quantity ¢ is obtained
by multiplying the quantity with the mass weighted
PDF, P, and integrating over composition space ac-
cording to
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(Z) - / / / (/)(f7 YCON YHZO)ﬁ(f7 YCO27 YHzo)ddeCOZ dYHzO.
(8)

In order to carry out the integration according to Eq.
(8), the wunknown three-dimensional joint-PDF,
ﬁ(f, Yco,, Yu,0), needs to be modelled adequately. By
means of

Y Y
*x CO, and YI-I:O _ H,0 (9)

Yoo, = )
€ Yeo,eq(f) Yi1,0.q(f)

a normalised formulation of the reaction progress vari-
ables is introduced, whereby Y, q(f) refers to the value
of these variables at chemical equilibrium for a given
mixture fraction [7].

A major advantage of applying the normalisation
following Eq. (9) is that the domain of definition of the
reaction progress variables is extended to the interval
[0, 1], allowing for the use of B-functions and the nu-
merical integration over a rectangular domain. As-
suming statistical independence between mixture
fraction f'and the normalised reaction progress variables
Y*, one can then construct a joint-PDF by multiplica-
tion of one-dimensional PDFs. Of course, this as-
sumption is a hard approximation between Y(§02 and
YP’I‘2 o- There is ample experimental work about turbulent
flames that demonstrates that this assumption is not
valid, see in [10,11]. We do not attempt to prove the
contrary. However, we investigate to what extent such
an assumption can help to improve the numerical effi-
ciency required for industrial purposes by comparing
the results obtained with Monte Carlo simulation re-
sults; thus, the use of a more elaborate ansatz was not
performed in this state of the work. Therefore, Eq. (8)
can be rewritten as

ol gl
{0:/ / / (p<fa YC*OZaYI-‘IkZO>

o Jo Jo

X Pﬂ(f) ﬁﬁ(ygoz)ﬁ/f<yl—zo> df ch*oz dYH*:O' (10)

Since the B-PDFs in Eq. (10) depend merely on the mean
and variance of their prescribed variables, the turbulent
thermochemical state of the flame is defined by six

parameters, namely 7, /7, T2, . Y%, Tk, and Yo,
For an efficient computation of mean values, the nu-
merical evaluation of Eq. (10) is carried out in a pre-
processing step generating a six-dimensional look-up
table. The implementation in the CFD code is realised
by solving the transport equations for the mean and
variance of f, Yco, and Y,o described above.

In order to access the look-up table, a transfor-
mation of the Favre-averaged reaction progress vari-
ables to their normalised counterpart is necessary
during the numerical procedure. This is obtained ac-
cording to Landenfeld [21] by using the approximate
relations

2
~ (Ve () o
with (1/Y,eq), (1/Yeq)” and Y7, also being computed
via Eq. (10).

The approximation in (11) is motivated by the lack of
information about the neglected term. Keeping this fact
in mind, expression (12) is obtained by considering the
departure from the equilibrium values through
Y, = Y,eq — 4 with 4 as departure parameter, then ap-
proximating

(i) = (i)
er‘eq Ymeq ’

and finally re-writing the departure parameter in terms
of Y, and Y, .. These approximations are substantial,
but reasonable for the purpose.

The instantaneous value, S,, of the chemical rate of
change of Y, is first read from the ILDM table. Finally,
the chemical source terms of Egs. (4) and (5) are com-
puted via Eq. (10) yielding

Wy = ﬁSaz,look-up table and

YW, = p( 1S, ~ LS, (13)

look-up table'
After implementing the ILDM model within the PDF
approach, these mean chemical source terms and the
mean density are then fed back to the CFD code.
Thus, the numerical procedure consists of an iterative
exchange of the turbulent flow and mixing field, the
mean density and the chemical source terms between the
CFD code and the PDF subcode. The mean values and
variances of the mixture fraction and reaction progress
variables obtained from the solution of the corre-
sponding transport equations are used as the input
parameters for the look-up table interpolation. This ta-
ble interpolation provides then the mean values of the
density and the chemical source terms required in the
transport equations of the reaction progress variables
and their variances to be used in the next iteration step.

2.3.2. Monte Carlo-PDF model

Solving for the transport equation of the composition
joint-PDF [32,41] represents an elaborate approach for
capturing turbulence-chemistry interaction with the
major advantage that the chemical source term appears
in closed form. Using a Monte Carlo method, the PDF
is approximated by an ensemble of notional particles
representing a set of Dirac functions in composition
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space. The transport equation of the mass weighted
PDF P, (; x, t), defined in scalar space J and in physical
space x, as well as in time ¢, reads

0Py (Wi x,0) | OPy(x, 1) | D
P~ TP & Yoy,
x [PS,Py(W; X, 1)]

- a% (] [ = )Py (W5 X, )]

0 oJ}
oy, K O
The expression (a|b) denotes the mean of quantity a
conditioned on the event b. The terms on the left-hand
side represent the transient term, the convective term as
well as the chemical source term, respectively. On the
right-hand side of Eq. (14), turbulent diffusion and
mixing in scalar space are captured. Attention is drawn
to the closed formulation of the chemical source term S,.
Within the solution algorithm each of the notional
particles develops according to these processes using a
fractional timestep method [24].

The convective and turbulent diffusive processes are
treated via a finite-volume discretisation in physical
space. Chemical reactions are described with the ILDM
method, hence every particle is assigned with the ran-
dom variable vector ¢ = (f, Yco,, Yu,0). The unclosed
conditional expectation of the velocity fluctuation is
closed by means of a simple gradient diffusion approx-
imation

¢:¢>%OMm0} (14)

- v, P, K
(1o =P == 275 w=C, (15)
with the turbulent Schmidt number ¢, =0.7 and
C, = 0.09. The mixing process is approximated with the
Modified Curl’s model [15] consisting of a pairwise in-
teraction of a number of randomly selected particles.
Since the primary aim of the present work is to gain
insight into the effect of the PDF-modelling approaches
to describe the turbulence-chemistry interaction in
swirling confined flows, the use of more advanced
models such as the EMST [36] or the Binomial Langevin
Model [37] was regarded as not justified.

The mean velocity and the turbulent quantities must
be externally provided. A first way is to perform the
Monte Carlo simulation in a post-processing step as
done in [13]. There, the velocity and turbulence fields
stem from the computation using ILDM chemistry and
the presumed joint-PDF and serve as an input for the
Monte Carlo simulation. In this case, the density eval-
uated from the Monte Carlo computation is not fed
back to the CFD calculation. Leaving the flow field
unchanged in this way would allow the investigation of
the impact of the chemistry mechanism on the species
concentrations and temperature. We follow in the

present work a second, different way in which the nu-
merical procedure consists of an iterative exchange of
the turbulent flow field as well as the mean density be-
tween the CFD code and the subcode solving for the
PDF transport equation. The aim is to investigate the
impact of the interaction-modelling either on the scalar
fields or on the flow and turbulence fields.

3. Configuration and numerical setup
3.1. Configuration

The confined configuration in this study consists of a
cylindrical water-cooled chamber of a height of L = 1.2
m and a diameter of D = 0.5 m and is supplied with a
swirl burner. Geometry data of the nozzle exit of the
burner are depicted in Fig. 1. The effective swirl number
is found to be S = 0.88, defined by the ratio of tan-
gential to axial momentum flux

o) f(f (EZN/ + ﬁuﬁ’) rrdr

D f(f (pﬁ2+ﬁ;”vz>rdr

Scff

(16)

With Reynolds numbers based on exit bulk velocities of
Repe = 8000 and Re,;; = 42900 and a thermal load of
Py =150 kW the confined flame (TECFLAM case
S09C, see [23]) represents an application close to com-
bustion systems of practical importance. Natural gas
used as fuel is approximated as methane.

In order to validate the applied models, suitable
measurement data obtained with different measuring
techniques based on laser-diagnostics are available [23].
The velocity field and correlations are provided by using
2D-Laser-Doppler-Anemometer technique [23,42] and
spontaneous Raman scattering was applied for the si-
multaneous determination of temperature, mixture
fraction as well as for the species concentrations. For
details, see [3,27].

NaturalGas

Fig. 1. TECFLAM swirl burner exit geometry and swirl gen-
erator.



S. Repp et al. | International Journal of Heat and Mass Transfer 45 (2002) 1271-1285 1277

3.2. Discretisation and solution method

Numerical results are obtained with a two-dimen-
sional elliptic CFD code based on a staggered orthog-
onal grid and cylindrical coordinates. Correspondingly,
an appropriate coordinate transformation of the mod-
elled equations is integrated in the code. Assuming axi-
symmetry, the half plane of the combustion chamber is
discretised by a 80 x 60 points grid in axial and radial
direction, respectively, condensed near the burner and
the wall. Numerical methods applied are a QUICK
scheme providing second order accuracy for discretisa-
tion of the convective terms and a time relaxation
scheme in order to achieve stationary solutions. Pressure
correction is performed using the SIMPLE algorithm.
For the presumed-PDF calculations, the size of the look-
up table is approximately 58 MB yielding a sufficient
resolution as test calculations have shown.

In order to account for the effects of the interaction-
modelling on the flow and scalar fields, only the
coupling model is varied while the turbulence models
and the chemistry mechanism as described above remain
unchanged.

The numerical procedure of the MC-PDF simula-
tions consists of an iterative exchange of information on
the turbulent flow field on the one hand and the mean
density on the other hand obtained from the finite-vol-
ume code and the Monte Carlo subcode with 100 par-
ticles used in each computational cell, respectively. For
computational efficiency, a local time step method is
implemented [24]. In order to enhance the evolution of a
stably burning flame, the entire field is initially assumed
to be in chemical equilibrium at stoichiometric con-
ditions. The CPU time required is about 140 h on a
ALPHA LX533 Linux-workstation. On the other side,
it required about 16 h for a stationary solution with
the presumed-PDF method (B-PDF) following the pro-
cedure described in Section 2.3.1 on the same machine.

3.3. Initial and boundary conditions

The inlet boundary was located at the burner mouth
where fuel and air are ejected separately providing well
defined boundary conditions. However, since the lowest
plane of the LDV measurements was located at x = 1
mm above the burner exit, the inlet profiles have been
adjusted according to the measurements such that cor-
rect volumetric flow rates of fuel and air are matched.

Calculation results can be sensitive to the inlet
boundary values, particularly with respect to the dissi-
pation rate, which cannot be directly measured. Though
the inlet profile of the dissipation rate can be determined
from the given mean velocity and the profile of the
turbulent kinetic energy with an assumption of zero
axial derivative, it is modelled here with a Prandtl mix-
ing length / proportional to the annulus width R to give

§=C¥*/1; 1 =R/C with the constant C to be de-
termined. In our calculations, the values C = 5 for the
fuel and C = 50/3 are used. Standard wall functions are
applied approximating the logarithmic law in the
boundary layer.

The flame can be characterised by very intensive
mixing and combustion processes in the near field of the
nozzle. In the reaction zone, being the focus of this
work, chemical kinetic effects are significant and the
temperature is moderate. Hence, radiation is neglected.
This is confirmed by the scatter plots near the centreline
as depicted in Fig. 13 (0 < » <28 mm) and Fig. 14
(0 < r < 45 mm). The simulations are then carried out
under adiabatic conditions, thus neglecting convective
and radiative heat loss across the wall. For the accurate
prediction of temperature profiles far downstream and
in the outer recirculation zone, this simplification can
certainly not be applied.

For the composition joint-PDF, the inlet conditions
are prescribed as ¢ =(1,0,0) for the fuel and
¢ = (0,0,0) for the air. All particles at the inlet are as-
signed with the same state, respective to their stream,
hence, the PDF degenerates to a Dirac function. With
regard to the mixture fraction and mass fraction the wall
influence on the PDF is modelled by using Neumann
conditions for the mean values along with the fact that
the turbulence is damped in the cells at the wall. It then
follows that the PDF at the wall can be set to a Dirac
function assuming zero-gradient conditions for the
mean.

4. Results and discussion

Comparisons between experimental data and nu-
merical results obtained with the presumed-PDF model
as well as with the MC-PDF model are now presented
and discussed.

4.1. Mean flow fields

Figs. 2-4 depict the mean flow field of the swirling
flame, calculated with both PDF approaches. Focusing
on the near field of the burner, radial velocity distribu-
tions are depicted at two different axial positions, x = 30
mm and x = 60 mm, where x and r denote the axial and
radial coordinate, respectively.

Fig. 2 shows the radial distribution of the mean axial
velocity i. For the lower plane, the profile of i is in good
agreement with the experimental data but the intensity
of the axial velocity in the central recirculation zone is
slightly underestimated. In the axial development of i,
the profile is shifted outwards, indicating the central
recirculation zone being spread as the radial profiles of
the radial velocity, Fig. 3, suggest. That the strength of
the recirculation is not fully captured can be claimed to
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the turbulent transport. Besides known problems with
boundary conditions, it then appears that the assump-
tion of equilibrium turbulence in the turbulence model
used is violated in this region of the complex flow [9,35],
where non-equilibrium effects are present.

A similar picture is revealed for the mean tangential
velocity w, depicted in Fig. 4. It can be seen that the
magnitude of w is hardly influenced by the broadened
shape of the flame. This indicates correct boundary
conditions for the tangential velocity component that is
mainly responsible for the flux of tangential momentum,
and thus swirl intensity. The same deviations between
measured and computed flow fields could be observed
for the isothermal case as test calculations have shown.

40 x=60mm =

0 50 100 150 200

Fig. 2. Radial distribution of mean axial velocity & at x = 30
mm and x = 60 mm (— B-PDF, --- MC-PDF, © Exp).

30 - ~ x=60mm

Fig. 3. Radial distribution of mean radial velocity ¢ at x = 30
mm and x = 60 mm (— B-PDF, --- MC-PDF, ® Exp).

25 x =60 mm

25 x=30mm —

0 50 100 150 200

Fig. 4. Radial distribution of mean tangential velocity w at
x =30 mm and x = 60 mm (— B-PDF, --- MC-PDF, ® Exp).

Whilst the Monte Carlo results are similar to those
with the presumed-PDF discussed above, it appears that
the results for the turbulent quantities, here the mean
turbulent kinetic energy & presented in Fig. 5 as a
measure of turbulence intensity, differ. The energy & is
underestimated in the lower part of the flame by the
presumed-PDF whilst a satisfactory agreement with
experimental data is shown by MC-PDF. A better de-
scription of the chemistry in the latter well accounts for
the influence of the combustion on the characteristics of
the flow through a better capture of the density varia-
ti}o\g. Additionally, the critical shear stresses W't and
u"w" are presented in Figs. 6 and 7.

200 |~ -

x = 60 mm

160
—

x =30 mm

9 ¢
100 150 200

r[mm]

Fig. 5. Radial distribution of mean turbulent kinetic energy &
at x =30 mm and x =60 mm (— B-PDF, --- MC-PDF, ©
Exp).
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IS x =60 mm
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Fig. 6. Radial distribution of Reynolds stress component u'y
at x =30 mm and x = 60 mm (— B-PDF, --- MC-PDF, ©
Exp).
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Fig. 7. Radial distribution of Reynolds stress component g
at x =30 mm and x = 60 mm (— B-PDF, --- MC-PDF, ©
Exp).

4.2. Species concentrations

In this section, distributions of major and minor
species are discussed at the axial position x =40 mm,
since no experimental data are available at x = 30 mm.

Fig. 8 depicts the mean and rms-values of mixture
fraction, / and (f*)"°. Comparing the profiles obtained
with the B-PDF approach to the experimental data
shows f being overpredicted in the inner mixing layer.
This indicates an oversupply of fuel caused by under-
predicted turbulent mixing. This tendency is not con-

0.15
Lot
2 0.09
g‘{ 0.06
=~ 003 F
o
0.1

T 008
i 0.06 ¢
0.04

0.02 - -

0 | | |
0 50 100 150 200

rlmm]

x =40 mm

N Iy

Fig. 8. Radial distribution of mean and rms-values of mixture
fraction f at x = 40 mm (— B-PDF, --- MC-PDF, ® Exp).

firmed by the MC-PDF simulation. Satisfactory
agreement of the B-PDF with the MC-PDF results can
be observed for the profiles of rms-values of mixture
fraction.

Mean and rms-data of the mass fraction of CO, are
depicted in Fig. 9. The profile of the distribution of I?Coz
calculated with the presumed-PDF model is in good
agreement with the experiment as well as with the MC-
PDF. Although the variance Yé’f)z is underpredicted, the
profile is in qualitative accordance with the MC-PDF
result. A similar distribution is found for the second
reaction progress variable, Yj,0, though not shown here.
Considering the fact that the chemical source terms of
Egs. (4) and (5) involve significant modelling in the

x=40mm

(Yeo,") 05[]

0 50 100 150 200

r[mm]

Fig. 9. Radial distribution of mean and rms-values of mass
fraction Yco, at x = 40 mm (— B-PDF, --- MC-PDF, ® Exp).
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frame of presumed-PDF approaches, the overall agree-
ment of the profiles with the experiment is satisfying.
As representatives of major and minor species, mean
mass fractions of CH4 and CO are shown in Fig. 10. The
mass fraction I7CH4 is slightly overestimated in the inner
mixing zone where fuel is mixed into the flow. In this
case, the MC-PDF calculation does not confirm the B-
PDF uniquely. A comparison of Yco depicted in the top
of Fig. 10 leads to a different picture. The agreement of
the sensitive quantity Yoo with the experiment is very
satisfactory for the presumed-PDF model. Taking into
consideration an uncertainty in CO-measurements of
about 20%, the deviations between both models remain
acceptable, especially around the reaction zone region.

4.3. Statistical analysis

The statistical analysis aims at the question whether
the loss of statistical information in the assumptions
involved in the construction of the multivariate pre-
sumed-PDF is reasonable. For this purpose, the same
joint-PDF is constructed in a post-processing step using
the single particle information of the MC-PDF simula-
tion as parameters of the B-functions. Then, the inte-
gration according to Eq. (10) is carried out using the
calculated one-dimensional PDFs, denoted as MC-B-
PDF. By leaving the flow field unchanged, the investi-
gation with MC-B-PDF concentrates on the prediction
of species concentrations and temperature. The com-
parison of these results with the simulation results ob-
tained by using the full MC-PDF simulation is discussed
below.

Fig. 11 shows results of the full MC-PDF simulation
and the constructed MC-B-PDF integration at the (ad-
ditional) axial location x = 20 mm. In the bottom pic-

0.04
x =40 mm
T 0.03 | -
S 0.02 -
S A
0.01 T
Q.-
O - 1
0.08 x=40mm —
L. 0.06 -
S 0.04 -
0.02 -
0 L
0 50 100 150 200

r[mm]

Fig. 10. Radial distribution of mean mass fractions Yen, and
Yco at x = 40 mm (— B-PDF, --- MC-PDF, ©® Exp).
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N
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$
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3 | 1
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Fig. 11. Radial distribution of mean mass fractions Ycu, and
Yco at x =20 mm (— MC-PDF, --- MC-B-PDF, ® Exp).

ture, both solutions yield almost identical results for
Yeu,. This indicates the insensitivity of the major species
?CH4 with respect to the chosen PDF construction ap-
proach. In the upper part of Fig. 11, both solutions differ
especially outside the reaction zone which demonstrates
the expected loss of statistical information. In spite of
the observed deviations, the level of CO concentration is
sufficiently better predicted with MC-PDF method than
with presumed ansatz. If additionally the results in Fig.
10 are taken into consideration, it appears that the
minor species are sensitive to the chosen PDF approach.
Hence, the numerical efficiency alone seems to prove the
attractiveness of the multivariate presumed-PDF ap-
proach to capture finite-chemistry effects in complex
flames.

4.4. Scatter plots and local extinction

An inherent feature of the MC-PDF method is the
ability to describe local extinction effects because it
contains the full statistical information. Furthermore, it
allows to obtain detailed information about the ther-
mochemical flame state and the effects of chemistry—
turbulence interaction. A quantitative comparison in
terms of conditional means is already addressed in [13].
Here we only aim to qualitatively demonstrate how the
Monte Carlo simulation in combination with ILDM
chemistry allows to take finite-chemistry effects into
account.

For the investigation of local extinction effects, single
shot data of the Raman measurements provide a valu-
able basis. The instantaneous information at a certain
location give insight into the finite-chemistry effects of
the flame. For this purpose, the radius is separated into
four zones as sketched in Fig. 12. The most inner region
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Mixing Zone with Fuel
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Mixing Zone with Air ‘

IV | 40<r<120mm | 70 < r < 100 mm | Outer Recirculation Zone \

Fig. 12. Classification of radial ranges with respect to their characteristic phenomena (F: fuel, A: air).

() lies within the recirculation zone. The second and
third section can be considered as regions of strong
mixing being controlled either by fuel (IT) or air (III).
Section 4 is featured by the outer recirculation zone.
The qualitative comparisons in Figs. 13 and 14 yield
a good agreement in particular near the centreline. The
effects of finite-chemistry interaction become very ap-
parent in regions I and II at x = 10 mm. In the inner of
region I, stoichiometric and slightly rich mixtures
(f& = 0.055) with high temperature prevail. Further-
more, most of the data points which are scattered indi-
cate that the gas has completely reacted and that no
significant temperature loss occurred. According to that,
the heat loss due to radiation and convection can be
neglected in this region, in which hot combustion
products are transported from flame regions further
downstream back to the burner mouth. This can be
suggested by means of the axial velocity profiles in Fig.
2. Further outside of the region I, samples with a wide
spread in mixture fraction can be seen ranging almost
from pure air (f = 0) to pure fuel (f = 1). As shown in
Fig. 12, this region lies above the fuel and air nozzles;
therefore the results reflect the different states of mixing.
The temperatures are roughly divided into two
branches: one at ambient temperature, that means un-
reacted mixtures, and the other close to the reacting
temperature. In the simulation, the temperature of the
samples in region I is uniformly distributed and, hence,
emphasise kinetic effects contrary to experiments which
show greater evidence of bimodality. As can be seen, the
comparison between the calculated and measured results
reveals some significant deviations. These point out that
the turbulence modelling assumption based on equilib-
rium turbulence is unable to account for non-equilib-

rium turbulence effects in this region. In fact, between
regions I and II very strong shear rates are present and
affect the turbulence and mixing process in the inner
recirculation zone.

In particular in region II at x = 10 mm, ignitable
mixtures around fi = 0.055 with a temperature of 300-
400 K are detected in both, the experiment and the
simulation. The chemical reaction is prevented by the
high flow velocities and a too small heat and mass
transfer from the inner recirculation zone. This indicates
that the strong turbulence yields premixed conditions
but suppresses the reaction to take place.

The reaction progress becomes apparent by a com-
parison of the scatter plots at x = 10 mm and x = 40 mm
for the centre of the flow. The mixture fraction range
becomes narrow reflecting the rapid mixing in the flow.
At x =40 mm, the different flame regimes mentioned
above can still be distinguished and the thermochemical
state from the inner and the outer recirculation zone has
hardly changed in comparison to x = 10 mm. However,
in the mixing region of the fuel and air streams the
temperatures now cover the whole range from 300 to
2300 K. The samples with intermediate temperatures can
have different histories [27]: (1) They stem from local
flame extinction leaving the gas in a partially reacted
state. Local flame extinction certainly occurs in this
flame and has been observed by visual inspection. (2)
They are compositions of hot burnt gas and cold air/fuel
mixtures which have not yet completely reacted.

In region III, deviations between experiments and the
simulation become more apparent at both axial planes.
The temperatures measured are considerably below the
adiabatic results of the simulation. Hence, the heat loss
and exchange with colder gases of the outer recirculation
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Fig. 13. Scatter plots of temperature at x = 10 mm.
zone play an important role. In this outer zone, the heat 5. Conclusions
loss leads to a lower temperature range of 800-1400 K.
It is remarkable that the experiments show almost no The present work was focused on the application of
fluctuations in the mixture fraction in the outer region PDF methods (presumed-PDF model and Monte Carlo-

indicating a very homogeneous state. scalar-PDF method) with regard to their effects on the
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Fig. 14. Scatter plots of temperature at x = 40 mm.

prediction capability of a confined strongly swirling
flame as it appears in combustion systems of technical
importance.

Simulations with the presumed-PDF model are car-
ried out in combination with a reduced chemistry

mechanism based on the ILDM-method capturing
chemical non-equilibrium effects. Comparisons with ex-
perimental data have shown that the main features of
the flow and mixing fields are well predicted accompa-
nied by an overestimated spreading of the central
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recirculation zone in the axial course of the flame.
Computed distributions of major species mass fractions
as well as of the corresponding variances are in rea-
sonable accordance with measured profiles. Likewise is
the concentration of CO as one of the minor species
being sensitive to chemical kinetics.

Comparisons with calculations carried out with the
MC-PDF method confirm the presumed-PDF model.
Deviations between both methods can be explained with
reduced statistical information about the PDF of the
presumed-PDF model. Through a statistical analysis of
the MC-PDF data, the assumption leading to the con-
struction of the joint-PDF via one-dimensional B-func-
tions is shown to be permissible for such applications.
Therefore, together with a generated look-up table, the
multivariate presumed-PDF model represents a very
attractive method to capture finite-chemistry effects in
complex combustion configurations. Of course, includ-
ing a more elaborate ansatz can academically improve
the assessments.

The computational effort between the presumed-PDF
model and the MC-PDF method differs significantly.
The CPU time required for a stationary solution using
the presumed-PDF model is about 16 h on a ALPHA
LX533 machine. A MC-PDF simulation with a full
coupling of the CFD code and the Monte Carlo pro-
cedure rises up to 140 h. However, it provides a good
tool to distinguish effects of the chemistry and the tur-
bulence models. This numerical efficiency was also the
major motivation for the presented approach.
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