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combustion using a conserved
scalar methodology
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Abstract: T he present paper describes an LES prediction of turbulent diffusion flame combustion in a simplr
fied axt symmetric combustor geometry. The calculations are carried out using a welt tested finite volume in-
compressible LES code which has been modified to handle variable density and reacting flows. The hasic mix-
ture fraction conserved scalar method is used with the chemical st ate relationships-described by fast chemistry.
The turbulence chemistry interaction is modelled by a sub grid PDF method and the PDF is assumed to follow
a Beta function shape. The LES predictions have been time averaged over 3.5 flow- through timesto generate
the mean radial profiles of mixture fraction, product mass Aractien, temperature, axial velocity and axial rms.
The agreement of the LES predictions with the experimental data_is_geod for all the ahove quantities at four dif-
ferent axial positions with largest dif ferences-at the first measurement plane. The LES method’also provides in-
formation on the unsteady nature of turbulent diffusion_combustion. For purbulént reacting flows with large
density ratio, it was found necessary to use_a relaxation method in-order to rémove unphysical higlr frequency

fluctuations and-t6 maintain‘numerical-stability.
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Nomenclature B, subgrid scale eddy viscosity
a relaxation‘\factor T; subgrid scale stress tensor
C_F,j resolved stress tensor ¢, phase angle of the transfer function
G.  gain of the transfer function A filter width
p hydrodynamic pressure I';  diffusive coefficient of mixture fraction
Sc¢ laminar Schmidt number
Introduction

Sc, turbulent Schmidt number

S;  resolved strain rate tensor Understanding, and predicting accurately,
t time combustion processes in a gas turbine combustor
I static temperature is crucial in further improving its design and per
u; component of velocity vector in i direction f . . o
ormance, particularly in a low emissions con-

x coordinate . .

) o text. The flows inside a gas turbine combustor
Yi  mass fraction of species © ) ) ) o
7 mixture fraction are very complicated with highly swirling and re
7 variance of mixture fraction circulating unsteady flows, jets in cross flow,
P density heat release, and turbulence combustion interac-
L molecular viscosity, tion. It is evident now that numerical solutions
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via the RANS approach using a statistical turbu
lence model are unlikely to be capable of captu
ring complex, unsteady reacting flows sufficient-
ly accurately. Large Eddy Simulation ( LES) has
proven to be superior to the RANS approach
whenever flow development depends on detailed
capture of the dynamics of the large scale mo-
tions which are responsible at high Reynolds
number for controlling the rate of mixing. The
present paper describes an LES simulation of urmr
steady norrpremixed combustion in a simplified
gas turbine combustor like geometry.

The outline of the paper is as follows: a
mathematical formulation for variable density
flow, including a low Mach number approxima
tion and a combustion model, will be presented in
section 1. Numerical methods, including the solu
tion procedure and a relaxation method for stabr
lizing a variable density flow will be introduced
in section 2. The calculation results will be pres
ented and discussed in section 3, and conelusions

will be summarized in section 4.

1 Mathematical formul ation

The muathematical \ deseription of nowr
premixed combustion is based‘\on a‘low Mach
number approximation and a mixing eontrolled
model for combustion.
1.1 Combustion-model

A mixing controlled model'” has been &
dopted in the present study, based on the as
sumption that the rate of chemical reaction is
much faster than the rate of mixing. The com-

bustion is then described by the mixture frac

tion, Z, which obeys the transport equation:

G(FZ)+ a(%w): a(fz) Fyi (1)
o o i ox i D Ox

With the assumption of unity Lewis number

and neglecting external heat loses due to thermal ra
diation or convective heat transfer, the energy equa
tion for low Mach number flow and the transport e
quation for mixture fraction have the same boundary
conditions and are linearly related. Therefore, the ir
stantaneous temperature, density and all major spe

cies chemical compositions are unique functions of

the mixture fraction, Z' .
Yi= Yi(Z);T=T(Z);P= AZ) (2)

Various reaction models have been proposed
for use with the single conserved scalar ap-
proach: fast chemistry, chemical equilibrium and
steady and unsteady laminar flamelets at various
strain rates' . In this paper, only the results
from fast chemistry calculations are presented.
The effects of more refined treatment of chemit
cal kinetics will be discussed in a future paper.

For fast chemistry, all chemical reactions are
assumed to be infinitely fast and irreversible.
Therefore the chemical state relationships can be
determined directly from the given reaction stor
chiometry, requiring no information about reac-
tion rates or chemical equilibrium “information.
The species massfractions and\the mixture frac-
tion have simple straight liné reldtionships as
shown inFig 1 (for methanelair combustion at
3 8% 10° Pa, Trna= 300 K, \Tar= 750 K). The
tem perature and density as functions of mixture
fraction are shown in Fig. 2.
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1.2 Variable density flow equations

The compressible form of the governing
flow equations for gaseous combustion processes
contains vorticity, entropy, and acoustic modes' .
When the flow speed is much lower than the lo-
cal speed of sound, the time scales of acoustic
modes are much smaller than those of the other
two modes, and there is thus no strong coupling
of acoustic fluctuations with either vorticity or
entropy modes. If the full compressible form of
the governing equations is used, extremely small
timesteps have to be adopted to resolve the
higlr frequency acoustic waves. If a low Mach
number approximation is adopted, acoustic inter
actions and compressibility effects are neglected,
and it is assumed that the thermochemical varia
bles such as density, temperature, enthalpy, and
entropy can be decoupled from the local varia
tions in static pressure whose spatial gradients
are sources of momentum. T he gas composition,
temperature etc. is only related to a prespecified
background thermodynamically- constant_pres
sure field, po. This implies that the speed of
sound is nearly~infinite, With this approxima
tion, only po\is~coupled to the thermodynamic
variables and enters ‘into the equation of state.
For the open systems considered in_this study it
is also assumed that po'is uniform and constant.
The change of ‘density”is only related to the
changes in temperature and species composition.

With this low M ach number approximation,
the governing equations for norr premixed reac
ting flow include the continuity equation, mo-
mentum equations, and a conserved scalar trans
port equation for mixture fraction. T he instanta
neous governing equations are spatially filtered
by a grid filter (box filter). Mass weighted aver
aging similar to the Favreaverage in RANS
modelling is used to reduce the terms arising
from the filtering operation. The filtered gover

. . . 3
ning equations can be written asl : :

By =0 (3)
Pui ﬁj(ﬁuw o, 0% 4

4
Jt ox i ox Jj oxj (4

BLy D uz) = D)= ().
(5)

in which Gj is the spatially-averaged resolved
molecular stress tensor, and D..: is spatially-av-
eraged resolved molecular diffusion flux for the
conserved scalar Z in the i direction, T and J-.i
are the residual or sub-gridscale fluxes of mo-

mentum and mixture fraction, respectively:

T = Quu; - wiw;) J.i= QuZ- uZ)
(6)
The molecular properties in 0; (and bz,;,) are
considered constant and the fluxes are evaluated

using linear relationships with the resolved scale

strain rate Si and scalar gradient PE

_ 1\ ou: o, 1
. _ oUg, o ALpow oy o Le
% 2855 \Si Z[ij X ax] 3 §Su

7 A VA
D= Sc[&xi] (7)

To_closeequations (4) and (95), gradient trans-
port-sgs models based on the standard Smagorin-
sky model'®“and a constant turbulent Schmidt

number have been used:

T - ;—ajm - 2WSy= - 200G AT S; 1Sy

_faz
Ji= S[a] (8)

In equation (8),1 Syl is the magnitude of the

Favre averaged strain rate tensor ( ,E:S;,':S_i,' ) and
A is the filter- width, assumed here to be the cube
root of the local finite volume cell size. T he sgs
Prandtl/ Schmidt number Sc: is given the value
0.9.

Because of the norrlinearity of the thermo-
chemical relationships, the assumed PDF method
was used to relate the instantaneous values in
the chemical state relationships to filtered values
required by the LES method. By presuming the
subgrid scalar PDF of the mixture fraction,, the
filtered species mass fractions, density and tem-

perature can be obtained:

lrp: jpﬁf?(Z)dZ (9)
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Yi= Iyi(Z)inZ (10)
T = J.T(Z)IE’(Z)dZ (11)

Cook and Riley!” proposed modelling P(Z)
by a Beta-function, parameterized via the re

solved mixture fraction and its variance.

Z(kl(l_ Z)lkl

~P(Z) =
J.OZ'“(I— Z) 'z
=
b= (1- ”Z)[Z—MZ;Z - 1} (12)

The sgs variance can be obtained from an e

quilibrium hypothesis:

4 82 2
2= Cv Az[ax_i] (13)

where A is the filter width, and Cv is a constant
set to O 2 in the present simulations.

To avoid the PDF convolution at ruirtime,
the integrations can be pre calculatedand stored
in look-up tables as a so-called interpelation 1=
brary. For adiabatic flows, the table-has two dt
mensions: mixture~fraction and its‘\variance. T-o
facilitate linear interpolation of the look-up ta
ble, the variance of mixture\fraction is~normal

ized as:

&)

2 s 21-Z) (14)

The density and temperature data in the fast

chemistry library are shown in Figures (3) and

(4) respectively.

Fig. 3 Density profiles in fast chemistry library

2 Numerical method

The LULES code used as the basic constant

Fig.4 Temperature profiles in fast chemistry library

density LES methodology adopted at the outset
of the present work is a finite volume code based
on body-fitted, orthogonal curvilinear co-ordr
nates. In curvilinear co-ordinates, velocity may be
decomposed into its contravariant components.
One difficulty encountered when using contra-
variant velocity componentsis due to the addi
tional body force terms which arise because of
grid line curvature. These additional/terms cause
mentory requirement and accuracy problems
which can be quite serious in three dimensional
applications'® . In addition, the attraction of or
thogonal-co ordinates is that grid staggering may
be-used to avoid checkboard oscillations and the
necessity for any added smoothing. H owever, the
geometry complexity for which 3D orthogonal
grid can be generated is restricted. To avoid
these problems, the bodyfitted curvilinear grid
generation in the present code is limited to only
the x-y plane and in the third dimension, z, the
grid is either translated or rotated. Although this
is somew hat restrictive, many cylindrical or fully
annular gas turbine related combustor geome-
tries can be easily represented by this approach.
2.1 Spatial discretization

The spatially filtered transport equations
described above are discretised using the finite
volume method on a staggered grid. For the mo-
mentum equations, spatial derivatives for both
convective and diffusive terms are calculated u-
sing a second order central differencing scheme.
For the scalar transport equation, a central
differencing scheme is used for the diffusion
term while a secondorder TVD scheme is used
for convection discretization'” .

2.2 Solution procedure
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The governing equations are solved using an
Explicit Adams Bashforth predictor/ corrector
scheme in the following sequence:

(1) The subgrid eddy viscosity is calculated
using the Smagorinsky model.

w!= PG A)?I S (15)

(2) The density weighted value, Pz, is

solved at the (n+ 1) time step, using velocities
and density at the (n) and (n— 1) time steps.

(F)" = (B + o
W7 -

B . (px ! ;
AN | 5 90 [
2 ) SC * SC! A

A

1 . l~uln—12n—1) 1
_ - A l’J’"_ l”lsz‘ésn_ 1
2 ; Se i SCI} f }

(16)
(3) Intermediate values of mixture fraction

and its variance are calculated to find the density

at (n+ 1) time step.

~ 1
7 = L%L (1)
72 =01\ 7 (18)
(4) After obtaining pred&tor value of-Z

4 * . .
and Z?;\ , these are used as entries mto the fast
chemistry library to calculate an estimated value

of density at the (n+ 1) time step.
1 | 17!
. —P(7 )d7 | 19
e UP(Z) (7 (19)

(5) For combustion with large density varr

ations, a relaxation method, which will be de

scribed in detail in the next section, has to be apr

plied for density to guarantee computational sta

bility. After updating the density at the (n+ 1)

time step using this relaxation method, mixture

fraction has to be updated accordingly in order to
retain consistency.

Pl (1- 9P+ o (20)

- BT (21)

(6) After correcting mixture fraction for the

(n+ 1) time step using equation (21), its varr

ance is updated for the (n+ 1) time step. The

species mass fractions and temperature are then

evaluated from the fast chemistry library using

Tt 1 ry ™1 .
7" and Z'%  as entries.

2 g

o= G 7" (22)

(7) The momentum equatlens are solved for

2

the (n+ 1) time step to get an the intermediate
velocity field, using the Adanr Bashforth scheme

expressed as follows:

%( adv. + diff.)"

n+ 1

P = (Pui)"+ At - %(adv. + diff.)

+L5 n—1
L 2 Ox:

(23)

A convective outflow boundary condition is
applied after solving equation (23).

(8) A multigrid solver (see [8]) is used to

solve a-Poisson equation to get the pressure field

at’the (n+ 1) time step.

PP L[am”iﬁ) apt”]
o= 3mL N ais Toad (2
w here
(:) 1 l_ n

(9) The intermediate velocity field is then
updated using the new pressure field to get the
velocity at (n+ 1) time step. A convective out-

flow boundary condition is again applied.

. m I
aml _ L[p*'ai _ 3N 9P ]

T p 2 o
- 3A P!
= St e (2)

2.3 Relaxation method

In flows with strong density gradients (due
to intense heat release and expansion), because
of the use of spatial discretization in the trans-
port equations using a nomrdiffusive central
scheme, high frequency errors are introduced to
all quantities. T hese can be removed from denst
ty by relaxation in time in order to achieve a sta-

[10]

ble scheme ™' . The relaxation of density is the

classical relaxation scheme:
Pl= (- g+ o (27)
where ais the relaxation factor which is defined

as:
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a= e—At/T (28)

n

in which At= ¢""'= ¢" is the time step and T is
the relaxation time.

The relaxation method above is in the form
of a recursive operation of a convolution, i. e.,
discrete integration of @ (#) with an exponential
decaying weighting function.

1 !

Pl = _[Jf (1) ‘“’TT di (29)

The density is averaged over the relaxation
time with a weighting function that decays expo-
nentially backwards in time. This is a filtered
convolution by a lowpass filter, with @ (¢) the
signal being filtered. The convolution kernel or

filter kernel is:
el
h(t) = %euT_d)(t) (30)
in which ¢(¢) denotes the Heaviside unit step

1,t>0
Ht) = 0,t< O (31)

The transfer function of this low-pass_filter

function, i e. ,

in the frequency domain can be evaluated via a
Laplace transform of the impulse response:

_ _ ot 1 Jardan~ of)
H(s) = L{)} = Ge < = PNT ik

(32)

where G. = 1/ m is the gain of the

transfer function and #= arctan(- «T) is the

phase angle. The Power Spectral Density of the

low-pass filter kernel with different characteris

tic relaxation times is shown in Fig. 5.

10° T
— ' b . ) A
g ——0.5x10"%(s) N
E - - =-2.0x10%(s) LN
'&'J ...... 5'0)(10—5(5) .. \\
= 10"+~ ‘\

\
| \
g y|

3
=
L0
1 i — L
10! 10° 10° 109 105

Frequency/Hz
Fig 5 Power spectrum density of the

low- pass filter kernel

T he Fourier transform of P* ' is equal to the
multiplication of the Fourier transform of O ()
and the low-pass filter kernel,i.e.,

LEP (1)) = L(P (1)) x L{h(1)} (33)

After knowing the frequency spectrum of
0" '(1),we can derive the frequency spectrum of
9 (t). However, since there is a feedback be-
tween density and the other variables in the sys-
tem, the derived frequency spectrum of O (1)
with different relaxation time will be similar but
not precisely the same.

2.4 Test case and computational setup

The experimental test case used for valida-
tion of the LES simulation was the coaxial jet
combustor configuration of Owen et al. " which
has been used previously as an LES validation
test casein [ 12, 13]. The configuration has a low
velocity (Q793\m/s) central fuél jetyand a higher
velocity (20. 6 m/s), annular—norr swirling air
jet. T he Reynolds number based on air stream
outer radius(R) andtheinlet bulk velocity of the
air (U) 1is 10", Thé computational domain was
chosen-to-extend from 2R upstream of the com-
buster-mixing plane to 8 SR downstream of this
plane. The calculations used 200 x 64 x 64 grid
points in the axial, radial and azimuthal direc
tions, respectively. A coarse mesh with 100 x 32
%X 32 grid points was also used for a grid-depend-
ence study (Note that the predictions of [ 12, 13]
used a grid size 3 time denser than the finer grid
used here). The coarse mesh is shown in Fig 6.

No random noise was imposed at inlet and uni-

Fig.6 Schematic of grid used for the simulations

form velocity profiles were applied, because the
flow conditioning devices were located only a
short distance upstream of the jet orifice.
Pierce' ' used fully developed inflow condition,
even though the experimental arrangement prop-
erly did not allow this. Convective outflow
boundary conditions were specified at the outlet.

A1l the solid boundaries, including the annular
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splitter plate, were assumed to be adiabatic and

impermeable.

3 Results and discussion

3.1 Energy spectrum

Three calculations have been carried out
with the same time step (d¢= 0. 002 6 ms), but
different relaxation time T, i. e., 0. 005 ms, O 02
ms, and O 05 ms. T he predicted density and axial
velocity power spectral densities at a point (x/R
=Q 77,y/R= 0. 85, 0= T/ 2, with centre of the

mixing plane as the origin) are shown in Fig 7.

Fig. 7 Energy spectrums of density and axial velocity
at point (x/ R= 0 _71y5/R=_0"85,0= /2, with centre

of the mixingplane as the origin)

It is shown that the predicted energy spectra
are different only in the high frequency range
where the energy levels have fallen by around 3
orders of magnitude, with longer relaxation time
providing stronger damping of high frequencies,
while the low frequency range remains unaffect
ed. Compared with the results for relaxation time
Q 005 ms, results for relaxation time 0. 02 ms
show noticeable additional decay only after about
4 000 H z, while those for relaxation time Q 05
ms show noticeable extra decay after about 1 500
Hz. This is consistent with the predictions of the
low-pass filter theory introduced above. It also
demonstrates that the relaxation method is able

to promote numerical stability without undermr

ning the simulation accuracy. Note the increase
in energy at high frequency obtained with the
smallest relaxation time (5% 10" °s); it is the
growth in these high frequency fluctuations
which would make the calculation catastrophical
ly unstable if left undam ped.
3.2 Analysis of the mean flow field

The time averaged axial velocity and mix-
ture fraction fields for predicted diffusion flame
combustion are shown in Fig. 8, in comparison

with results from a pure mixing (norrreacting)

calculation.

Fig. 8 T ime averaged fields of axial velocity and
mixture fraction, (a) axial velocity, mixing, ( b)
mixture fraction, mixing, ( ¢) axial velocity,

reacting, (d) mixture fraction, reacting

In the mixing case, the high axial velocity of
the annular air jet decays quickly. T he flow field
includes a large, strong central recirculation re-
gion which enters the fuel jet supply and a long,
flat recirculation region near the corner of the
step. T he fuel and air mix very efficiently and the
potential core of the fuel jet is short. The mixing
begins well inside the fuel inlet port. In the reac-
ting case, heat release forces the flow to acceler
ate. T he high axial velocity regions continue un-
til the outlet. Since the reacting fluid expands,
the high speed annular air jet is pushed outward

to the wall. The central recirculation region is
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shifted downstream and is elongated as the flow
accelerates, while the recirculation region near
the step corner becomes much smaller. The mix
ing efficiency of fuel and air is substantially re
duced compared with the nomrreacting case, and
there is an identifiable potential core of fuel
downstream of the fuel inlet.
3.3 Mean profiles

After reaching statistically steady state, cak
culations with different relaxation times provided
essentially the same time averaged results. The
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mean profiles from calculation with relaxation
time @ 02 ms were used to compare against the
experimental data. Calculation results using the
initial coarse mesh were compared with those of
the finer mesh to study the grid-dependence. The
profiles of mixture fraction, temperature, product
mass fraction, axial mean velocity and rms along
the centreline of the combustor are shown in
Fig 9.The profiles along the lipline of the split-
ter plate between central fuel jet and annular air

stream are shown in Fig. 10.
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Both Figures 9 and 10 show that when the
mesh is refined, the calculation results in general
agree fairly well. The main changes occur in a
small region near the inlet port. In Fig. 9, it is
shown that the fine mesh calculation results for
mixture fraction (and thus the temperature and
product mass fraction predictions) show a steep
er gradient at fuel jet exit than in the coarse
mesh, and this zone is shifted slightly dowmr
stream. The resolved central recirculation zone is
also stronger than that predicted with the coarse
mesh. In Fig 10, the fine mesh and coarse mesh
results are in close agreement, showing that the
mixing across the jet annular shear layer is rea
sonably well resolved with a higher mixture frac
tion predicted in the first two radii downstream.
The fine mesh results are used to compare with
the experimental data.

Since density, temperature and species mass
fractions all depend on mixture fraction, it is im-
portant to predict mixture fraction profiles accur
rately. Fig 11 shows the radial profiles-of time
averaged mixture fraction éompared with the ex

perimental data at-four 'different axial-locations:
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The LES results of Pierce!"” with fast chemistry
are also shown for reference. It is found that the
present simulation is in good agreement with
Pierce’ s resulis at all axial positions. T he resulis
agree with the experimental data better as axial
distance increases. At axial positionx/R= Q 21,
the simulation results agree poorly with the ex-
perimental data by predicting unburnt mixture.

[12

This was also shown in Pierce’ s''? calculations.

Pierce!"”

considered that the difference may be
caused by specification of fully-developed inlet
conditions, but this was not used here and the re-
sults are essentially the same. It is believed that
the difference is due to the very rapid changes
which taken place in the axial direction and the
invalidity of the simple~chemistry’ model used
here to cope with these. At is also noticed that, in
the mid-and far downstream regions/the calculat-
ed mix ture fraction is higher than that of the ex-
perimental data-This is believed to be caused by
the fast chemistry model, which over predicts the
heat telease rate and thus leads to a lower mix-

ing rate.
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=
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Fig.11 Radial profiles of time averaged mixture fraction

Fig. 12 shows radial profiles of time aver
aged product mass fraction compared with the
experimental data at four axial locations. The

product mass fraction is defined as the sum of

the mass fractions of CO2 and H20. It can be
seen that the simulation provides good results at
three downstream axial positions. The discrepan-

cy between the prediction and the experimental
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data at the x/ R= 0. 21 location is consistent with
that of the mixture fraction and can be explained
by the steep gradient shown in Fig. 9. Near the
inlet, the product mass fraction is due mainly to
recirculation of products from reactions happerr
ing downstream. It is also apparent that the fast
chemistry model consistently overpredicts the
levels of product concentration in the inner re
gions.

The radial profiles of time averaged temper
ature at four different axial locations are shown

in Fig. 13. The results show fair agreement with
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the experimental data. It seems that the predic-
tion of temperature profiles is generally better
than those for the product mass fraction; howev-
er, it has to be pointed out that the temperature
profiles are measured at four axial positions
which are different and further downstream than
those for product mass fraction measurements.
The radial profiles of time averaged axial veloct
ty and axial fluctuation intensity are shown in
Fig. 14. T he agreement betw een the simulation and
experiment is good, except for an under prediction in

the inner region near the fuel outlet.
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Fig/12 Radial profiles of time averaged product mass fraction
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22

Fig. 14 Radial profiles of time averaged axial velocity and axial fluctuation intensity

The simulation successfully captures the
peaks of axial fluctuation intensity within the
shear layer between the fuel and air streams.
However, the predicted turbulence level is lower
than in the experimental results.

3.4 Flame structures

A snapshot of the predicted-instantaneous
temperature field is shown\in Fig 15, which
serves to illustrate\ the flame structures--The

high temperature regions represent the location

"_//"/

Fig. 15 Instantaneous temperature fields;
Top: meridional plane; Bottom: radial cross
Sections (a) x/R=1 5,(b) x/R=3.0,
(¢) x/R=45,(d) x/R=60

of the flame~ It is seen that/ the/annular air
stream is_pushed out forwards the wall and cre-
ates A lower temperature layer surrounding the
inner higher temperature reacting region. T his
layer gradually disappears~as the axial distance
increases. The diffusion flame is found to be lif-
ted_.and composed of separate high temperature
zones within the circular region of the fuelair
shear layer. Near the inlet, the size of the high
temperature zones is small. As the axial distance
increases, the high temperature zones become
larger and begin to connect. Near the outlet, the
high temperature zones become fully connected

and occupy the whole azimuthal direction.

4 Conclusions

A finite volume incompressible variable den-
sity Large Eddy Simulation code has been devel-
oped for low Mach number nomrpremixed com-
bustion. The mixture fraction method is used
with the chemical state relationships described
by fast chemistry. The turbulence chemistry in-
teraction is modelled by a subrgrid PDF method
and the PDF is assumed to be a Beta function.

An explicit Adams Bashforth scheme is
used for the temporal integration, with the Pois-
son equation for pressure being solved by a mul-

tigrid method. The code is validated against ex-
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perimental data from [ 11] and Pierce’ s LES pre
dictions'”". The LES predictions have been aver
aged over 3.5 flow-through times to generate
mean radial profiles of mixture fraction, product
mass fraction, temperature, axial velocity and ax
ial fluctuation intensity. The agreement of the
LES predictions with the experimental data is
good for all profiles at four different axial posr
tions considering that only a simple subgrid
model and a simple combustion model have been
employed. T he effects of heat release on mixing
have been illustrated by comparing with the re
sults of a nomrreacting calculation. It is found
that the strong heat release during combustion
considerable decreases the mixing rate of fuel
and air. The LES method is also shown to be ca
pable of revealing the unsteady nature of turbu
lent diffusion flame combustion. For turbulent
reacting flows with large density ratio, it was
found necessary to use arelaxation method in or-
der to remove unphysical high-frequencyfluctua
tions and to maintain numerical stability. The re
laxation method (following [ 10]) is~found te
perform like a lowpass filter in'\the frequency
domain, and helpsto remove the high frequency
oscillations and keep the\ calculations™ stable,
while at the same timeé leaving the low frequency
energy containing components unaffected, thus

allowing high accuracy of LES calculation.
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